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Low-molecular-mass small molecules play important roles in biological processes and often 
serve as disease-related biomarkers for diagnosis. Accurate detection of small molecules remains 
challenging for conventional sensors due to their limited sensitivities. Two-dimensional (2D) 
materials, thanks to their atomic level thickness, can be extraordinarily sensitive to external 
perturbations and therefore well-suited for sensing applications. This dissertation explores the 
use of 2D materials, including primarily graphene and transition metal dichalcogenides, in the 
detection of low-molecular-weight and low-charge molecules.  
 
This work starts with the study of methods that allow for efficient and clean transfer of graphene 
grown on Cu using chemical vapor deposition (CVD), which is a critical step for achievement of 
large-area and high-quality graphene for device fabrication. In addition to the conventional wet-
etching transfer method, we have studied on the method of electrochemical delamination, which 
is more time-efficient and allows for recycling of the Cu foil. Generation of bubbles during the 
electrochemical reaction is minimized by tuning the experimental parameters, thereby 
minimizing transfer-induced damages to graphene.  
 
  
We then fabricate the graphene-based field effect transistor (FET) and use the graphene FET as 
biosensors. First, the sensor is configured as an electrolyte-gated FET. With appropriate 
biochemical functionalization of the graphene, the FET sensors have been used to detect multiple 
small-molecule biomarkers including glucose and insulin via their affinity binding with 
receptors. Then, on a flexible substrate, we demonstrate real-time measurement of tumor 
necrosis factor alpha, a signal protein that regulates immune cells. We then simplified the sensor 
structure using a bottom local-gate to replace the external electrode as required in the previous 
electrolyte gated FET. Using the bottom local-gated FET sensor we have carried out real-time 
monitoring of the variation of pH in solutions.  
 
In addition to the electrical sensors, highly sensitive and multifunctional plasmonic sensors have 
also been developed by combining the unique optical properties of graphene with engineered 
metallic metasurfaces. The plasmonic sensors operating in mid-infrared region are configured as 
either metallic metasurface or hybrid graphene-metallic metasurface. Using a metallic 
metasurface, we demonstrate simultaneous quantification and fingerprinting of protein 
molecules. Using a hybrid graphene-metallic metasurface, we demonstrate optical conductivity-
based ultrasensitive biosensing. In contrast to refractive-index-based sensors, the sensitivity of 
the hybrid metasurface sensor is not limited by the molecular masses of analytes. A monolayer of 
the sub-nanometer chemicals can be readily detected and differentiated on the hybrid 
metasurface. Reversible detection of glucose is carried out via the affinity binding of glucose 
with boronic acid immobilized on the graphene of the hybrid metasurface. The lowest detection 




Despite the high sensitivity of graphene, the zero band-gap of graphene fundamentally impedes 
its use in digital electronic devices. In contrast, two-dimensional semiconductors, such as 
transition metal dichalcogenide (TMDC) with non-zero band gaps, holds great potential for 
developing practical electronic devices and sensors. Monolayers of TMDC materials are 
particularly attractive for development of deeply scaled devices, although the contact resistance 
between metal and the monolayer TMDC has been so large to significantly limit the performance 
of the devices. We present a high-performance monolayer MoS2 FET with a monolayer graphene 
as bottom local gate. The graphene gate is found to significantly improve the dielectric strength 
of the oxide layer compared to the lithographically patterned metal gate. This in turn allows for 
the use of very thin gate dielectric layer (~5 nm) and application of a strong displacement field to 
lower the contact resistance. Benefiting from the low contact resistance, the monolayer MoS2 
FET offers a high on/off ratio (108) and low subthreshold slope (64 mV/decade). Additionally, 
thanks to the highly efficient electrostatic coupling through the ultrathin gate dielectric layer, 
short-channel (50 nm and 14 nm) devices are realized that exhibit excellent switching 
characteristics. 
 
In summary, this dissertation presents significant contributions to 2D material-based electronic 
and optoelectronic nanosensors, especially for detection of small molecules. Perspectives are 
made in the end of the thesis, on future studies needed to realize practical applications of these 
sensors and other 2D material-based products. 
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1.1 Biochemical sensors 
Biochemical sensors, or biosensors in the context of this thesis, are devices used for detection of 
biochemical analytes. A biosensor typically consists of two major parts including a biological 
element and a transducer unit. The biological element, derived using chemical or biological 
methods, are responsive to a specific analyte or a category of analytes via physical interactions or 
chemical reactions. The transducer serves as a component to convert the responses of the 
biological element to detectable signals, and eventually readable information. 
 
Figure 1.1: Applications of biosensors in different fields. [Adapted from http://menon.us] 
 
Biosensors are important for both fundamental research and practical applications (Figure 1.5). 




prerequisite for most biological and chemical studies, especially for those related to 
pharmaceutical engineering and nanobiology1. Biosensors are also used in hospitals for 
monitoring physiological parameters and levels of biochemical analytes to evaluate the health 
condition of patients. Early diagnosis of disease also relies on accurate and sensitive detection of 
related biomarkers. In addition, biosensors also find applications in inspection of safety-related 
analytes such as hazardous additives, poisons and explosives. 
 
1.1.1 Nanomaterial-based biosensors 
Conventional biosensing methods in clinical and research laboratories, such as enzyme-linked 
immunosorbent assay (ELISA), mostly require professionally trained personnel in handling of 
biological samples, operation of instruments, and interpretation of measurement results, and are 
therefore not well-suited to personal daily use. Some of them, such as standard surface plasmonic 
resonance (SPR) biosensors have encountered insufficient sensitivity in detection of certain low-
molecular-weight analytes and cannot satisfy the requirement in advanced biological and 
chemical researches2. To overcome these limitations, researchers have strived to develop 
miniaturized, sensitive and rapidly responsive biosensors. Some of the new-generation 
biosensors employ nanomaterials as the transducers, which in size are comparable to the 
nanometric target analytes, therefore can more efficiently interact with the analytes and sense the 
weak perturbances. For example, localized surface plasmon resonance (LSPR) sensors, based on 
nanoengineered metamaterials, have significantly improved the sensitivity over the standard SPR 
devices. Field effect biosensors that use semiconducting nanomaterials as transducing units also 
demonstrate higher sensitivities to biomolecules, chemical and gas molecules than traditional 




most commonly used electrical methods and optical methods, including electrochemical reaction, 
field effect, impedance, piezoelectricity and plasmonic resonance-based sensors. 
 
Electrochemical sensors rely on the oxidation or reduction of the analytes that involves transfer 
of electrons and generation of currents. Catalysis such as enzymes can be added to facilitate the 
reaction and speed the sensor response. Decoration of the metal electrodes with nanomaterials 
such as metal nanoparticles3, or use of conducting nanomaterials (e.g. carbon nanotube)4 as 
electrodes proved to significantly improve the sensitivity by increasing the effective area for 
analyte adsorption and reaction. Electrochemical sensors have been so far successfully 
miniaturized and commercialized for portable and implantable applications, particularly in the 
continuous glucose monitoring, although the need of enzyme and the dependence on the oxygen 
concentration makes the sensors accuracy susceptible to variations of external environmental 
conditions. Other than the electrochemical sensors, the nanomaterials, combined with the affinity 
binding of receptor and target molecules, have also enabled sensitive detection using impedance-
based sensors. Measurement of the impedance of a dielectric as a function of the analyte 
concentration made it possible to quantify the analytes without generating significant current and 
therefore amenable to sensing principles other than the electrochemical method. For example, 
affinity binding of glucose to the boronic acid confined by polymer solution or hydrogel was 
found to change the impedance of the solution or the hydrogel5, thereby allowing for electrical 
based continuous monitoring of the glucose level without the need of enzymes. Piezoelectric 
materials, which can output electrical power upon mechanical deformation, provided unique 
opportunities to develop self-powered biosensors6,7. Binding of charged molecules on the 




the materials, and hence enable self-powered biosensing. Due to the large charges needed to 
influence the properties of the nanowires, this method is in general only applicable to large and 
highly charged molecules.  
 
On the other hand, for optical sensors, the sub-wavelength dimension of the nanomaterials and 
artificial nanostructures offer unique opportunities to control and confine the light. Metasurfaces, 
consisting of engineered nanostructures, proved to be able to strongly enhance the interaction 
between the electro-magnetic field and the adsorbed biomolecules, which in turn improved the 
sensitivity of plasmonic resonance-based sensors. Moreover, also based on the metasurfaces, the 
surface enhanced Raman spectroscopy (SERS)9,10 and surface enhanced infrared absorption 
spectroscopy (SEIRAS)11,12 can reveal the spectral fingerprints of molecules to facilitate 
identification of analytes. A more detailed introduction to the optical sensors would be given in 
Chapter 4.   
 
1.1.2 Affinity biosensors 
In contrast to the electrochemical reactions which irreversibly consume the analytes, affinity 
binding represents non-covalent intermolecular interactions such as hydrogen bonds and van de 
Walls force. The reversible affinity binding between analytes and receptors, without converting 
the analytes into other materials, is appropriate to develop reusable biosensors and allows for 
more accurate quantification of the analytes. The specificity of the sensor is also improved by 
use of receptors that selectively bind to the target molecules. Commonly used receptors in 




molecules. Usually, the affinity binding involves complex physiochemical process; conventional 
affinity assays such as ELISA can be time-consuming.  
 
Use of nanomaterials as transducers can drastically improve the response speed and simplify the 
assay setup. Specifically, a very thin layer or even monolayer of receptor molecules is 
immobilized on the surfaces of nanomaterials for recognition of target molecules. The 
nanomaterials with high sensitivity to weak perturbation allows them to significantly and rapidly 
respond to the affinity binding of target molecules to the receptors. The high sensitivity also 
makes it possible to detect low-molecular-weight analytes without use of more complex assay 
such as competitive assay. Various biosensors including optical, electrical, mechanical and 
magnetic biosensors have been developed with improved sensitivity, selectivity and robustness. 
For example, the real-time transduction of the binding process between protein and receptors 
using silicon nanowire field effect transistors revealed the binding kinetics and allowed 
determination of the binding parameters such as equilibrium constant1. Similarly, binding 
kinetics and affinity constant of DNA hybridization have been studied using the multichannel 
graphene field effect transistors at single-base level13. The supramolecular binding between 
glucose and boronic acid also allows for colorimetric quantification of glucose by immobilizing 
boronic acid on the metallic nanoparticles14. Employing metallic nanoparticles enhanced 
fluorescence, highly sensitive fluorescent biosensors are also developed to detect the 
acetylcholinesterase inhibitors15. Use both of the two-dimensional graphene and engineered 
metallic metasurfaces, a multimode affinity sensor that detects the variations in graphene 
conductivity, mechanical resonator resonance frequency and the plasmonic resonance frequency 





1.2 Two-dimensional materials 
Two-dimensional (2D) nanomaterial refers to materials consisting of a single layer or a few 
layers of atoms, of which the thickness is less than one or several nanometers. Since the 
discovery of graphene17,18, the first 2D material consisting of single-layer carbon atoms in 
hexagonal lattice (Figure 1.1), many other materials have been added to the 2D material 
category, and a lot of important physical properties unique to the 2D system have been 
demonstrated. Applications based on the 2D materials have also emerged in different fields and 
brought up improvements in the performance of optoelectronic devices or energy storage19-22. 
 
Figure 1.2: Schematic of atomic structure of single-layer graphene. 
 
1.2.1 Physical properties of two-dimensional materials 
The ultrathin thickness of the 2D materials make them exhibit extraordinary mechanical, 
electrical and optical properties. The monolayer graphene is proved to be highly flexible, 
transparent, and conductive. It owns the highest Young’s modulus (~1 TPa)23 among the existing 
materials. In visible light region, the optical absorption of monolayer graphene is only 3%. It also 




graphene has become a very strong candidate for development of energy-efficient nano-
mechanical-electrical-systems, flexible and wearable devices25, for applications such as 
integrated circuits, portable electronics, personal healthcare devices, and nanobiology study 
(Figure 1.2). 
 
Figure 1.3: Potential applications based on graphene and other 2D materials. [Adapted from D. 
Akinwande, et al. Nature Communication, 2014.]  
 
The zero-bandgap of single-layer graphene makes it a semimetal. Experimental studies also 
demonstrate that the conductivity of graphene can only be tuned in a limited range by the 
electrical field, typically within one order of magnitude17,18. Thus, the monolayer graphene is 
unfortunately not appropriate for development of logic circuits. Instead, the transition metal 
dichalcogenide (TMDC) 2D layers are semiconductors with nan-zero band gaps26-28. Particularly, 




band-gap (Eg) of 1.8 eV (Figure 1.3)
29. The MoS2 has therefore enabled exploration of digital 
logic devices based on atomically thin materials.   
 
 
Figure 1.4: Band structures of graphene and MoS2 monolayers. (a) atomic structure and band 
diagram of monolayer graphene. (b) Atomic structure and band diagram of monolayer MoS2.  
 
1.2.2 Benefits of two-dimensional materials for biosensing  
The long-lasting interest in nanomaterials comes from the increasing demands that cannot be 
fulfilled by conventional bulk materials. For example, the number of transistors on a single 
microprocessor chip is expected to continuously increase for higher performance of computers, 
but rather challenging for existing silicon-based fabrication technologies. Thus, the search for 
alternative materials that can perform desirable functions within even smaller space and cost less 




dimensional (1D) carbon nanotube (CNT) and silicon nanowire (SiNW), as well as zero-
dimensional (0D) fullerene and quantum dots (Figure 1.4), have already attracted much attention 
and demonstrated certain unique functionalities of nanomaterials.  
 
Figure 1.5: Comparison of atomic structures of 0D fullerene, 1D carbon nanotube and 2D 
graphene, all of which consist of carbon atoms. [Adapted from D.M. Guldi et al. Chemical 
Communications, 2011.]   
 
Nevertheless, the preparation and manipulation of 0D materials generally is difficult and requires 
confinement using solution, hydrogels and other bulk materials. In contrast, 1D materials which 
can be extended along one direction make them optically visible, and amenable to modern micro 
and nanofabrication processes. In the past two decades, the optoelectronic properties of 1D 
materials have been intensively studied. Progress is still being made on the highly scaled 
electronic devices toward commercialization of the devices, which appears challenging due to 
the difficulties in preparing highly ordered, high-density 1D materials with uniform properties 
over large area30. Hence, the planar 2D structure would be more desirable in the sense that it is 
unlimitedly extendable over the two-dimensional space, while the few-atom thickness allows for 




only amenable to fabrication of scalable nanodevices, but also enables exploration of some 
quantum effects that otherwise are not possible.  
 
In addition to the scalability needed for device fabrication, the 2D materials can also deliver 
higher sensitivity and thus very promising for sensor applications. In a biosensor, given the same 
biological sensitive elements (e.g. a same antibody), the sensitivity of the sensor will be 
determined by the transducer units, or the properties of the materials composing the transducer. 
Although the sensitivities of different sensing principles and different materials vary a lot from 
each other, in general the nanomaterials show higher sensitivity than bulk materials, in 
particularly when the receptors are only immobilized on the outer surface of the material31. This 
is because that the nanomaterials, due to their small unit volumes, typically own large specific 
surface area (SSA), defined as the total surface area per unit mass (m2/g).  
 
Figure 1.6: Illustration of effects of material specific surface area on sensitivity. 
 
For the analytes adsorbed at the material surface, the influence of these analytes on the material 
properties would decrease with the distance from the surface. Note that the measured signals 
reflect the changes of the properties of the entire material rather than that at the surface, therefore 
the larger the SSA is, the stronger the measured responses would be (Figure 1.5). Comparison of 




that SSA of monolayer graphene is much higher than the other two. This should also be 
applicable to other 2D materials, which therefore become ideal materials for developing 
biosensors (Table 1-1). 
 
Table 1-1: Comparison of 1D, 2D and 3D materials for biosensing application 
 
On the other hand, scalable fabrication of the devices would be prerequisite of commercialization 
of the biosensors. While scalable synthesis of carbon nanotubes is possible, the electrical 
properties (semiconducting or metallic) of the nanotubes have not been precisely controlled and 
the nanotube density is relatively low. In contrast, the wafer-scale growth of monolayer graphene 
and transition metal dichalcogenide have been demonstrated, together with the time and cost-
efficient transfer methods. Characterization of their electrical and optical properties revealed 
high quality of these materials, making the 2D materials well-suited for development of scalable 
biosensors and other devices. 
 
Materials Sensitivity Device fabrication Device scalability 
3D bulk materials Low Possible Low 
1D materials (e.g. 
carbon nanotube) High Possible but challenging 
Possible but process-
wise challenging 
2D materials (e.g. 
graphene) High 
(I) low-cost mass production  
(II) planar structures easy to 





1.3 Research scope and goals 
Based on the introduction to the state of the art for biochemical sensors, the unique mechanical, 
chemical and optoelectronic properties of 2D materials holds strong potential to overcome 
certain limitations for existing biosensors. Research on 2D materials based biosensors have also 
demonstrated their functionality in detection of different analytes, from gas molecules, to 
deoxyribonucleic acid (DNA) and biomolecules. However, most of these works have focused on 
examination of the sensor performance based on quantification of electrically charged 
biomarkers or polarized molecules, while it remains challenging to detect the small molecules 
with weak or no charges. Also, the biology elements and sensing principles have mostly been 
adapted from existing biosensor, thus some of the issues associated with the conventional 
sensing principles await to be addressed. The thesis would be focused on use of 2D materials in 
detection of analytes that are difficult to measure on conventional platforms, especially the 
analytes with low-molecular-weight and low-charges, as well as exploration of new sensing 
principles with the 2D materials.  
 
The research goals and tasks are briefly listed below: 
(1) Preparation of large-area high-quality 2D materials and fabrication of devices. 
(2) Detection of small molecules with low molecular mass, especially those carrying low electric 
charges or non-charged molecules. 
(3) Understanding of the interaction of biochemical molecules with 2D materials. 
(4) Exploration of novel sensing principles based on the unique properties of 2D materials, 





1.4 Thesis outline 
Chapter 2 of this thesis introduces the preparation and characterization of large area graphene, 
which is a key step to obtaining high-performance devices. In this chapter, we mainly develop an 
electrochemical delamination transfer method of CVD graphene grown on copper. This method 
significantly reduces the costs of time and materials, as well as damages to graphene during the 
transfer process.  
 
Starting from Chapter 3 the thesis details the progress in detection of small molecules using the 
graphene FET sensors, based on the affinity binding between the small molecules with their 
receptors. This method shortens the response time and alleviates the influences of environmental 
conditions on sensor functionality. This chapter first focuses on proof-of-principle on 
conventional solution-gate FET sensors, and then presents a bottom local-gate configured 
graphene FET sensor that is more compact and integrable.  
 
In Chapter 4 we introduce plasmonic biosensors using both graphene and metasurface, e.g. 
engineered nanostructures for control of electromagnetic fields on demand. The plasmonic 
sensors operating in mid-infrared regime enable single measurement-based analyte quantification 
and identification. When graphene is loaded, the tunable optical conductivity of graphene makes 
the hybrid metasurface an ultrasensitive plasmonic sensor, whose detection limit is independent 
of the molecular-mass and therefore drastically improved compared to conventional refractive 





Chapter 5 presents a FET with monolayer MoS2 as the semiconducting channel and monolayer 
graphene as a bottom local gate electrode. This device shows significant improvements in more 
than one parameters in the transport characteristics. Potentially it not only can function as highly 
sensitive biosensors, but also serve as logic unit in next-generation electronic devices. Finally, 






Preparation and characterization of graphene 
 
Graphene was discovered as the first 2D materials in 2004, by mechanical exfoliation from the 
bulk graphite onto the SiO2 substrates. The small flakes of graphene, typically few micrometers 
long and wide, have shown ultrahigh room-temperature carrier mobility (>104 cm2V-1s-1), 
excellent optical transparency (>97%) as well as great mechanical strength (Young’s modulus 
>1TPa). While these extraordinary physical properties of the single-atom-thick material have 
attracted huge attention for industries in different fields, from electrical, optical to energy and 
environmental, use of graphene in practical applications has been impeded by the low efficiency 
in exfoliation of graphene and the large variance in quality of the mechanically isolated flakes. 
Therefore, chemical based controllable and precise synthesis of the graphene has been important 
to make people practically benefit from this new material. Among the different methods, 
chemical vapor deposition (CVD)32-34, one of the earliest studied and most widely used, has 
allowed for achievement of large-area monolayer graphene while not significantly degrading its 
physical properties. Since the CVD graphene is usually synthesized on substrates made of 
specific materials such as germanium and copper34-37, to use the CVD graphene for desired 
purposes it is required to transfer the graphene from the growth substrate to different target 
substrates. Due to the single-atom thickness, graphene is extremely sensitive to external 
influences, mechanical or chemical. Therefore, it is difficult to transfer the large area graphene 




the progress we have made in transfer of CVD graphene grown on copper foil, with focus on the 
optimization of the direct delamination of graphene based on the electrochemical reactions.  
 
2.1 Introduction to growth and transfer of large-area graphene 
2.1.1 Chemical vapor deposition of monolayer graphene 
CVD of graphene involves pyrolysis of carbon-source materials to achieve disassociated carbon, 
and then formation of the atomic structure of graphene. Usually, a catalysis is applied to reduce 
the temperature and time required for this process, for example, metal, such as copper (Cu) in 
graphene growth. The process of the graphene CVD procedure is done in a tube furnace, starting 
with heating of the furnace under protection of argon (Ar) to approximately 1000 degree Celsius 
and annealing of Cu in hydrogen (H2) environment sequentially. Then the carbon source gas 
methane (CH4) is introduced for reaction, followed by cooling down under protection of Ar 
(Figure 2.1).  
 
Figure 2.1: Procedure of CVD graphene synthesis on Cu foil. Inset: Photograph of a Cu foil 





2.1.2 Wet and dry transfer methods 
To make use of the CVD graphene, different transfer methods have been developed to release the 
monolayer graphene from the growth substrate and transfer it onto desired substrate. Using a 
polymer layer, such as poly(methyl methacrylate) (PMMA) as a supporting layer has been found 
most effective to facilatate the transfer without excessive damage to graphene38,39. The PMMA 
layer can be used in either dry transfer and wet transfer processes as detailed in the following.  
 
Dry transfer process: After graphene growth, 500 nm PMMA was spin-coated on top of 
graphene/Cu foil for protection. A stamp made of polydimethylsiloxane (PDMS) was attached 
by pressing. The copper foil was removed by wet etching in copper etchant. The exposed 
graphene was cleaned and blow-dried, and then transferred onto the substrate. The PMMA stamp 
was released from the PMMA/graphene layer at 170 °C (Figure 2.2). Finally the protection 
PMMA layer on graphene was dissolved in organic solvents. 
 





Wet transfer process: A protection polymer layer (PMMA 495K A4) was firstly spin-coated on 
graphene. The Cu foil was then etched in Cu etchant. The backside of the PMMA/Gr layer was 
then triple-cleaned by floating on DI water bath, then directly transferred on the substrate and 
allowed to dry at room temperature. After 45 min baking at 170 °C the PMMA layer was 
dissolved in acetone bath. 
 
Figure 2.3: Wet transfer process of CVD graphene. 
 
To compare two different transfer methods, we evaluate their performance in completeness, 
cleanness, handling difficulties and costs of time. For the dry transfer method, it allows for 
aligned-transfer of the graphene under the assistance of the PDMS/glass stack. But due to the 
mechanical force applied on the graphene during attaching and removing the PDMS stamp, the 
transferred graphene may be mechanically damaged. In contrast, the wet transfer methods can 
deliver very continuous graphene but it is difficult to accurately control the position of the 
graphene/PMMA when scoping it in water. Both of these two methods, due to the need of 
removing the copper substrate using chemical etching, irreversibly consume the copper and take 





2.2 Electrochemical delamination transfer method 
The high costs of time and materials make the conventional wet and dry transfer methods not 
amenable to mass production of graphene. In contrast, direct delamination of graphene that does 
not require etching of the Cu substrate is more promising. Due to the strong Van der Waals force 
between the graphene and the Cu foil, mechanically peeling the graphene off the Cu will be very 
difficult and can generate large damages to graphene. It is therefore more realistic to “peel” the 
graphene off using chemical methods. It was found that the gaseous H2 bubbles would be 
generated at the interface of Cu and graphene when the Cu was configured as the cathode in an 
electrolysis cell. The H2 bubbles force separation of graphene from the Cu and hence allows for 
transfer of graphene, which is called electrochemical delamination (ECD) transfer or “bubble” 
transfer40. In this way, the Cu can be recycled after the transfer and reused for future growth. 
Unfortunately, even with polymeric support layer, such as PMMA, the bubbles would still cause 
severe damages to the graphene.  
 
2.2.1 Principle and setup 
Recently, researchers have noticed that a very thin the oxide layer of Cu (Cu2O) can be formed 
because the oxygen in air can permeate to the surface of Cu through the graphene domain 
boundaries, defects or wrinkles, which are frequently present on the CVD graphene. Given that 
reduction of copper oxide can take place at a lower potential than that for hydrogen evolution, it 
is possible to separate the graphene from Cu by selective removing the natural oxide layer 
sandwiched in between of graphene and Cu. Some works have been reported on reducing the 




the anode electrode and NaCl as electrolyte. Here we demonstrate bubble-free ECD transfer with 
less expensive Cu as both the anode and cathode. 
 
As introduced above, the bubble-free ECD transfer is based on selective reduction of the oxide 
layer on the Cu surface and release of graphene from the growth substrate. In the EC reaction 
(Cu2O + H2O + 2e
- → 2Cu + 2OH-, the Cu2O is reduced to Cu, which minimizes the 
consumption and allows recycle of Cu. The experimental setup is compact, consisting of Cu 
anode, PMMA/graphene/Cu cathode, power source with tunable outputs and some accessories 
such as cables and clips (Figure 2.4). The PMMA/graphene/Cu is then connected to the negative 
output of the power supply while a Cu foil is connected to the positive end and secured on a 
positioner for convenient control. Here we use aqueous alkali solution (sodium hydroxide, 
NaOH, 1 M) as the electrolyte. In this electrolyte, it only contains Na+, H+ and OH-, which will 
not introduce significant doping or damage to graphene.  
 





2.2.2 Transfer procedure and results 
Similar to the previously introduced transfer methods, first a polymer layer (PMMA 495K) is 
spin-coated on graphene as a supporting layer. It is critical to choose correct potential and 
process speed. For the unreferenced, two-electrode cell, the delamination is expected to start at a 
voltage of approximately 2 V, which may vary for different sizes of graphene and concentrations 
of the NaOH, and needs to be tested for specific conditions to obtain best transfer results. First 
the Cu anode secured on the positioner is inserted into the electrolyte, and the bottom end of the 
cathode PMMA/Gr/Cu is allowed to touch the electrolyte. Once the delamination starts, the 
cathode foil is proceeded to finish the delamination. The PMMA/Gr layer released using this 
method is clean, transparent and continuous without bubbles (Figure 2.5). The PMMA/Gr layer 
is then moved to fresh deionized water to remove any NaOH on the backside and then 
transferred to the target substrate by scoping in water. The water sandwiched between the 
graphene and the substrate is forced to rapidly evaporate in vacuum for overnight. The substrate 
is then baked at 180 degree Celsius for 1 hour. Finally the PMMA is removed in organic solvent 
such acetone and chloroform.  
 





The monolayer graphene is clearly visible at specific optical conditions. Usually it can be 
directly observed using bare eyes on oxidized Si substrate with 285 nm thick SiO2 (Figure 2.6), 
although on transparent substrate (e.g. glass) it is much more difficult to visualize monolayer 
graphene. Here the optical microscopy (OM), Raman spectroscopy and atomic force microscopy 
(AFM) are used to characterize the layer numbers and quality of the graphene.  
 
Figure 2.6: Photograph of monolayer graphene transferred on rigid substrates: (a) 285 nm thick 
SiO2. (b) glass slide. 
 
2.3 Characterization of transferred graphene 
2.3.1 Optical microscopy of graphene 
While during synthesis of graphene the experimental conditions have been selected to grow 
monolayer graphene, sometimes bilayer or even few layer graphene may appear at the center of 
the crystal. Additional graphene layers beyond the single layer, if any, typically appear as small 
grains in isolated local regions, and can be easily identified on the basis of the brightness and 
contrast under an optical microscope when transferred onto a 285-nm thick SiO2 coated silicon 
substrate (Figure 2.7).  Wrinkles, cracks or other deformation or defects of graphene sometimes 





Figure 2.7: Microscope photo of transferred graphene using EC delamination. (a) Continuous 
monolayer graphene. (b) A specifically selected local area showing wrinkles, single layer and 
bilayers of graphene. 
 
2.3.2 Raman spectroscopy of graphene 
The monolayer graphene, when examined using Raman spectroscopy, should show two or three 
bands, including a G band around 1587 cm-1 attributable to the in-plane vibrational of the sp2 
hybridized carbon atoms, a 2D band around 2680 cm-1 due to a two-phonon lattice vibration, and 
sometimes a D band around 1350 cm-1 known as disorder band and represents defects of 
graphene or presence of a ring in the proximity of graphene. The Raman spectra are measured at 
multiple positions on the graphene sample using an exciting laser of 532 nm. The large ratio of 
the peak intensities of 2D band to G band (>2) is strong evidence of monolayer graphene42. D-
band around 1350 cm-1 is not observed at majority of the sample, although we see D-band at 
some local positions (Figure 2.8) affected by impurities or residues during transfer, which should 





Figure 2.8: Example of a microscopy photo and corresponding Raman spectra of monolayer 
graphene. 
 
2.3.3 Atomic force microscopy of graphene 
Atomic force microscopy (AFM) is widely used to characterize the topograhy and thickness of 
the 2D materials43-45. Usually mechanically exfloiated 2D flakes including graphene exhibit 
smoother surface than transferred CVD materials. This is because defects and wrinkles can form 
during synthesis and transfer of the CVD materials. For example, the organic residue such as 
PMMA will adsorb on the surface of graphene and cannot be completely removed using organic 
solvents, which has been a key factor degrading the electrical properties of graphene. The 
roughness of the as-transferred CVD graphene are typically above 1 nm and the thickness is also 
1 or 2 nm, larger than expected values as observed on mechanically exfoliated layers. High-
temperature annealing under protection of H2 and Ar, or in ultra-high vacuum can further clean 
the graphene surface (Figure 2.9)46,47. Removing of the polymer layer using even stronger 
organic solvents, or using alternative polymers to PMMA can also effectively improved the 





Figure 2.9: Atomic force microscopy of transferred CVD monolayer graphene on polished SiO2. 
(a) AFM image of as-transferred graphene after PMMA dissolved in acetone (left), and after 
annealing at 350 degree celcus for 4 hours in Ar/H2 forming gas (right). (b) Thickness of the 
graphene monolayer after anealling. The average step height of 3.6 nm is approaching the 
thickness of exfoliated monolayer graphene. 
 
2.4 Chapter summary 
In this chapter we introduced the procedure of preparation of graphene using CVD method on Cu 
foil as well as transfer of the graphene to desired substrates. To overcome some drawbacks of 
conventional transfer methods, we have explored and optimized electrochemical delamationa 
transfer. The EC delamination transfer is more time efficient and allows for recycling of the Cu. 




delamination procedure to minimize generation of bubbles between Cu and graphene during 
transfer, and reduce contact of graphene with ions other than OH-1 and H+ groups.  
 
The layer number and quality of graphene are charaterized using optical microscopy and Raman 
spectroscopy, which indicat high-quality monolayer graphene. Atomic force spectroscopy is used 
to characterize the topography and layer number of the CVD graphene. Due to the adsorption of 
polymer residue on graphene surface, further cleaning such as annealing may be required for 
applications sensitive to nanoscale contaminants. Improvements of the transfer methods as well 
as the CVD growth process, should continue to be made to achieve better completeness, 





Graphene field effect sensors 
 
3.1 Introduction to field effect sensors 
3.1.1 Principle of field effect biosensing 
Semiconducting materials are the basis for development of field effect transistors because their 
electrical conductivities are tunable by external electrical field. The conductivity (σ) of a material 
is determined by the product of its carrier density and mobility: 
σ = (nµe+ pµh)q 
where, σ is the conductivity, n represents the density of electrons, µe represents the electron 
mobility, p is the density of holes, µh is the hole mobility and q is the elementary charge. 
 
Figure 3.1: Schematics of a field effect transistor 
 
When configured as a field effect transistor (FET, Figure 3.1), the conductivity can be altered by 
applying a gate voltage through a dielectric layer, as a result of modulation of the carrier density:  




where ID is the drain current, µeff  is the effective mobility, CG is the gate capacitance, VG is the 
gate voltage, VTH is the threshold voltage, VD is the source-drain bias, W is the channel width, 
and L is the channel length. 
 
In the context of biochemical sensing, two principles may be used with the FET52-55. First, the 
target molecules attached on the semiconducting material are charged and can change the surface 
electro statistic potential. This is equivalent to a variance of the electrostatic gate voltage, and 
can typically apply to detection of charged biomolecules in solution56. Second, the molecules 
bound to the material can generate doping via charge transfer, for example a strong p-dopant can 
inject more holes. This principle is usually applied to detection of non-charge or weak-charged 
molecules such as organic and gas molecules57,58. In some situations, two of the processes exist 
and collectively influence the sensor performance59.  In both cases, the sensitivity of the sensor 
can be determined by the derivative of the conductivity with respect to the gate voltage or the 
carrier density.  
𝜕ID/𝜕VG = CG µeff VD W/L 
 𝜕σ /𝜕n =qµe 
It is apparent that, to increase the sensitivity, we will need to increase the gate capacitance or the 
material carrier mobility, which explains why the high carrier mobility of graphene leads to high 
sensitivity of the FET sensors.  
 
3.1.2 Review of field effect biosensors 
Before emergence of graphene, 1D materials like carbon nanotube and silicon nanowire have 




people have used carbon nanotubes to detect biomarkers and gas molecules. Binding kinetics of 
protein receptors and its target molecules were studied on silicon nanowire based FET sensors by 
reaching the sensitivity lower than the limit of conventional SPR biosensors1,60,61. 
 
Figure 3.2: Examples of field effect biosensors based on 1D materials. (a) Silicon nanowire gas 
sensors. [Adapted from J. Kong et al. Science, 2000.] (b) Carbon nanotube sensors of detection 
of DNA. [Adapted from C. Staii et al. Nano Letters, 2005.] (c) Study of binding kinetics of 
molecules using silicon nanowire field effect biosensors. [Adapted from X. Duan, et al. Nature 
Nanotechnology, 2012.] 
 
Nevertheless, scalable fabrication of 1D material-based devices have been difficult because these 
materials are not easily controllable, especially at high density over large area. In contrast, 2D 




has higher mobility than most other materials at room temperature. These unique advantages 
make graphene an excellent candidate for biosensing applications. For example, individual gas 
molecules can be detected using graphene FET; scalable devices were already successfully 
prepared for detection of DNA and other biomarkers. Also, thanks to its high transparency and 
flexibility, graphene based wearable diagnosis and therapy equipment have also been 
demonstrated62,63.  
 
Figure 3.3: Example of graphene field effect sensors. (a) Gas sensor capable of detecting 
individual gas molecules. [Adapted from F. Schedin et al. Nature Materials, 2007.] (b) Sensor 
array for detection of biomolecules. [Adapted from N. Gao et al. PNAS, 2016.] 
 
To date, most of the graphene FET based sensors have been used to detect highly charged 
molecules or strong dopant analyte, such as protein and DNA strand. The high mobility and large 
specific surface area of graphene should allow us to make measurements of even smaller 
biomarkers such as monosaccharides and low-molecular-weight proteins, which are also playing 






3.2 Solution-gate graphene field effect sensors 
3.2.1 Device design and fabrication 
The nanosensor was configured as a solution-gated graphene FET (Figure 3.4). The graphene, 
serving as the conducting channel, was functionalized with receptors that can interact with target 
analytes. A polydimethylsiloxane (PDMS)-based open well (~20 µL) was bonded to the 
substrate; and glucose solution was placed into the well. An Ag/AgCl reference electrode, 
mounted on a three-axis positioner, was inserted into the solution to serve as the gate electrode. 
An electrical double layer (EDL) formed at the interface of the graphene and solution served as 
the gate capacitor. 
 
Figure 3.4: Schematic of the nanosensor configured as a solution-gated graphene field effect 
transistor. An Ag/AgCl electrode inserted into the solution served as the gate electrode, while the 
electrical double layer at the solution-graphene interface served as the gate capacitor. 
 
The device was fabricated using micro and nanofabrication techniques on a silicon wafer with 
285 nm wet thermal grown oxide. The substrate was washed using acetone, isopropanol (IPA) 




remove tiny organic residue. Graphene grown on Cu foil was cut into 3 mm by 3 mm and 
transferred onto the substrate. Photolithography, with a bilayer resist (S1811 and LOR 3A), was 
used to pattern the source and drain electrodes, which were then metallized using electron beam 
evaporator (5/20/20 nm Cr/Pd/Au). Lift-off was completed by rinsing the chip in Remover PG 
and then gently washed using IPA and DI water. The graphene was then patterned into a 
rectangular channel (typically 20 µm by 30 µm) using photolithography and reactive oxygen 
etching. The chip was then again rinsed in Remover PG, IPA and DI water, gently blow dried 
using compressed nitrogen, and stored in vacuum before tests.  
 
3.2.2 Affinity based glucose and insulin sensing on rigid substrate 
Glucose, one of the uncharged, low-molecular-weight molecules, is of fundamental importance 
to people life health. Abnormal levels of glucose concentration in blood, if not properly 
monitored and corrected, can cause severe or even life-threatening complications to patients with 
diabetes or other related diseases. Graphene FET based enzymatic sensors have been reported to 
enable sensitive detection of glucose64. Unfortunately, due to the irreversible, consumptive 
nature of the enzyme-catalyzed electrochemical reactions of glucose, as well as the undesirable 
byproduct (e.g., hydrogen peroxide) generated in the reactions of enzymes and glucose, these 
enzyme-based sensors would suffer from significant limitations in stability and accuracy when 
operating in physiological environments65. 
 
In contrast, affinity sensing, based on non-reactive equilibrium binding of analyte with an 
affinity receptor, neither consumes the target analyte nor produces any byproduct, therefore can 




has been implemented using optical, mechanical, and electrical methods on conventional or 
microscale platforms.5,67-69 While demonstrating the potential of affinity glucose sensing, these 
methods typically require complex sensor structures (e.g., moving mechanical components or 
physical barriers), and may not have sufficient sensitivity in human bodily fluids such as tears or 
saliva, in which glucose concentrations are one or two orders of magnitude lower than that in 
blood70-73. Affinity glucose sensing using functional nanomaterials is to date rather scarce. 
Boron-doped graphene quantum dots have been used for affinity glucose sensing, although its 
requirement of an additional optical measurement system is not amenable to miniaturization74. 
Boronic acid functionalized carbon nanotubes (CNTs) have also been used for glucose detection 
in deionized water. Nevertheless, these sensors relied on the contact among the randomly 
distributed, entangled nanotubes and may not be well suited to practical applications because of a 
lack of consistency and stability75. Furthermore, the underlying sensing mechanisms have not 
been clarified due to the difficulties in precise determination of the weak doping induced by the 
affinity binding in the semiconducting CNTs. 
 
This section presents an atomically thin, graphene-based sensor for affinity-based detection of 
glucose, an uncharged, low-molecular-weight molecule. This nanosensor employs a graphene 
FET in which graphene is functionalized with boronic acid for glucose recognition. In contrast to 
the multi-step chemical modification procedure that is required for enzyme based graphene 
glucose sensors, the functionalization in our sensor is enabled by a simple one-step method via 
the interaction of graphene with pyrene-terminated boronic acid. This method allows boronic 
acid to be closely attached to the graphene surface, thereby the binding of boronic acid with 




detection of the glucose molecules. Moreover, the bipolar transfer characteristics of graphene, 
thanks to its vanishing bandgap and high mobility, exhibit significant and definitive shifts upon 
glucose-boronic acid binding. This shift can reflect affinity binding-induced charge transfer to 
graphene, or changes in the electrostatic potential in the immediate proximity of graphene, 
thereby allowing for insights into the underlying physicochemical mechanisms for affinity 
glucose recognition on the nanomaterial. For potential clinical applications, the coupling of 
graphene with boronic acid via stable chemical bonding eliminates the needs for mechanical 
movable structures or physical barriers that are commonly used in existing affinity glucose 
sensors5,76. Therefore, it simplifies the device design and potentially enables a consistent, rapidly 
responsive measurement for noninvasive glucose monitoring. For example, wearable glucose 
monitoring devices can be realized by integrating these sensors with contact lens to detect the 
glucose concentration in tears. 
 
Figure 3.5: (a) Micrograph of a fabricated device. The graphene conducting channel connected 




interactions between the pyrene group and graphene. (c) Formation of a glucose-boronate ester at 
a physiological pH of 7.4.   
 
The affinity glucose nanosensor was configured as a solution-gated graphene FET (Figure 3.5). 
The graphene, serving as the conducting channel, was functionalized with pyrene-1-boronic acid 
(BAP) via π-π stacking interactions. Binding of glucose and the boronic acid formed a glucose-
boronate ester complex, inducing changes in the electric conductance of the graphene, which was 
measured to determine the glucose concentration. 
 
Figure 3.6: Transfer characteristics of the pristine graphene and the PBA-functionalized 
graphene. Dashed lines: Transfer characteristics of the pristine graphene exposed to glucose 
solutions (0.1 mM to 25 mM).  Solid lines: Transfer characteristics after rinsing with PBA 
solution. VNP shifted from 0.33 V to 0.575 V. Legend: Glucose concentrations. 
 
In a solution-gated FET, the capacitance of the double layer can be influenced by the solution 
composition. Prior to any chemical functionalization of the graphene, we first examined the 




concentration. Glucose was dissolved in phosphate buffered solution (pH 7.4) to obtain desired 
concentrations (2 µM to 25 mM). The same solutions were used in all of the subsequent 
experiments. Without any chemical functionalization of graphene, the transfer characteristics 
(source-drain current IDS as a function of gate voltage VGS) measured at the different glucose 
concentrations were almost indistinguishable (Figure 3.6). This suggested that glucose, at the 
selected concentration range, did not either interact with graphene or vary the capacitance of the 
double layer, in agreement with previous related studies75,77. 
 
Figure 3.7: Raman spectra of the graphene before and after exposure to PBA solution. (a) 
Signature peaks of the boronic acid and the graphene-pyrene interaction were observed after 





This device was then immersed in PBA solution for 4 hours at room temperature, followed by 
sequentially rinsing in acetonitrile, isopropanol and deionized water to remove free PBA. In prior 
to the chemical functionalization, in the Raman spectrum (Figure 3.7) of the graphene at the 
channel region, the ratio of the intensity of the 2D band to the G band (I2D/IG) was 2.5, and the 
full width at half maximum (FWHM) of the 2D band was ~27 from Lorentz fitting, both of 
which were further evidence of monolayer graphene42,78 in addition to the color contrast 
observed under microscope (Figure 1b). The Raman spectrum of the PBA solution-rinsed 
graphene exhibited signature peaks of BOH bending (1286 cm-1), B-O stretching (1378 cm-1), 
and G-band splitting (1574, 1595, 1613 cm-1) due to the graphene-pyrene π-π stacking 
interaction79-82. Also, the 2D band shifted to a higher wavenumber (from 2685 to 2692 cm-1), 
which was considered as a result of chemical doping83. 
 
Figure 3.8: Characterization of graphene using Raman spectroscopy (a) after immersing in 1 





To confirm that these peaks come from the immobilization of BAP via the pyrene-graphene 
interaction, rather than reaction of boronic acid to graphene, a graphene sample was, transferred 
onto a SiO2-coated substrate, was sequentially exposed to 1 mM boric acid aqueous solution, 
and exposure to 1 mM PBA acetonitrile solution. Raman spectra was respectively taken of the 
graphene sample after each of these treatment steps. The Raman spectra remained the same 
before and after exposure to boric acid (Figure 3.8), without displaying any peaks indicative of 
boric acid even at sample positions exhibiting a pronounced D-band. This implied that boric acid 
did not attach to graphene without other functional groups. In contrast, after exposure to PBA, 
the spectra exhibited peaks that are attributable to B-O stretching, BOH bending, and π-π 
interaction, respectively. These results confirm that, in our experiments, the boronic acid was 
coupled to graphene via π-π interaction of pyrene and graphene. The measured transfer 
characteristics (Figure 3.6) also verified the chemically induced p-type doping, represented by 
the increase of the neutral point voltage VNP (the gate voltage at which IDS attains its minimum) 
from 0.33 V to 0.575 V. These observed characteristics of the boronic acid as well as the 
graphene-pyrene interaction confirmed that the BAP molecules were successfully immobilized 
on the graphene.  
 
To investigate the potential interruption of the PBA-graphene coupling by replenishment of 
sample solution during the nanosensor testing, we measured the transfer characteristics of PBA-
functionalized graphene with fresh buffer solution added to, removed from, and then added again 
to nanosensor. In the two measurements when fresh buffer was added to the device, the source-




~1.5% (Figure 3.9), implying that the influence of the solution replenishment was negligible. It is 
thus believed that any significant response in the subsequent measurements would be attributable 
to the glucose-boronic acid binding. 
 
Figure 3.9: Influence of solution replenishment on transfer characteristics measurements. In the 
two measurements when fresh buffer was added to the device, the source-drain current at each 
gate voltage as well as the neutral point voltage were highly coincident. 
 
Then the sensor was tested by exposure to glucose solution at different concentrations.  The 
transfer characteristics curve was found to shift to the left significantly. For example, the shift 
was ~0.115 V as the glucose concentration increased from 0 to 25 mM (Figure 3.10). This 
suggests that the binding of glucose and boronic acid generated n-type doping to graphene. As 
the estimated transconductance (i.e., the slope of linear sections of the transfer characteristics 




approximately constant. Rather, changes in the carrier concentration of graphene was considered 
the main contributor to the observed shift of VNP.  
 
Figure 3.10: Transfer characteristics measured when the device was exposed to glucose 
solutions (concentration ranging from 2 µM to 25 mM). The curve shifted to the left as a result 
of the increase in the glucose concentration. Inset: Monotonic decrease of IDS at VGS = 0.4 V.  
 
Measurements using butyric-acid functionalized graphene were also performed to serve as 
control. The measured transfer characteristics were highly coincident (Figure 3.11), suggesting 
that there was no significant interaction of glucose and butyric acid, and that the replenishment 
of the sample solution did not significantly impact the transfer characteristics measurement. We 
also examined variations in the source-drain current IDS with the glucose concentration at a fixed 
gate voltage VGS. It was observed that IDS decreased monotonically with glucose concentration 
when VGS was lower than the neutral point voltage VNP, and this trend was reversed when VGS > 




dependence of IDS on the glucose concentration, we estimate that, with a noise level of ~17 nA 
for IDS, the resolution of the nanosensor for glucose measurements was approximately 0.46 μM, 
appropriate for monitoring of glucose in human bodily fluids such as saliva and tears71,72. We 
further studied the change of VNP before and after PBA functionalization, denoted ∆VNP,B, and 
the further changes of VNP after the graphene was exposed to glucose, denoted ∆VNP,G. Here, 
∆VNP,B = VNP,B – VNP,P, and ∆VNP,G = VNP,B – VNP,G, where VNP,P and the VNP,B are the neutral point 
voltages measured in fresh buffer for pristine graphene and PBA-functionalized graphene, 
respectively; VNP,G is the neutral point voltage for PBA-functionalized graphene measured in 
glucose solution.  
 
Figure 3.11 Transfer characteristics measured with glucose solutions on the butyric acid 
functionalized graphene. The n-type doping induced by PBTA remained unchanged when the 





We observed that both ∆VNP,B and ∆VNP,G varied from device to device, possibly because of 
artifacts such as organic residue left on graphene from the fabrication process. These artifacts 
could have caused a device-to-device disparity in chemical functionalization of graphene, and 
hence in the doping level at a given glucose concentration. Interestingly, at a given concentration, 
the ratio ∆VNP,G/∆VNP,B did not vary significantly from device to device, with a variation of less 
than 6% for the three nanosensor devices tested (Figure 3.12).  
 
Figure 3.12: Neutral point voltage shift ratio ∆VNP,G/∆VNP,B as a function of glucose 
concentration. Glucose concentration is on logarithmic scale. Inset: Inset: The solid line is a fit to 
the Hill-Langmuir equation, yielding an equilibrium dissociation constant (KD) of 38.6 µM. 
Glucose concentration is on linear scale. 
 
To explain this observation, we note that ∆VNP,B is the shift of VNP caused by functionalization of 
boronic acid and ∆VNP,G is by glucose-boronic acid binding, therefore ∆VNP,G/∆VNP,B can be 




conditions of constant temperature and pH as were approximately the case in our experiment, the 
fraction of boronic acid that binds to glucose is solely dependent on the glucose concentration. 
This suggests that ∆VNP,G/∆VNP,B should be a function of glucose only and independent of the 
device or the order in which the sample solution was added. The measured dependence of this 






















where A is the sensor saturation response when all boronic acid sites are occupied, c is the 
glucose concentration, A0 is an offset that accounts for the response to the fresh buffer, Kd is the 
dissociation constant for the glucose and boronic acid binding, and n is the Hill coefficient 
describing binding cooperativity. A best fitting yields a Kd of 38.6 µM, A of 0.538, A0 of -0.0037 
and n of 0.345. 
 
While the exact mechanisms for the graphene affinity sensing remain open, some theoretical 
considerations can offer insight into the observed doping effects induced by chemical 
functionalization and glucose-boronic acid binding. First, to explain the observed p-type doping 
due to the attachment of PBA, we note that while pyrene group is electron-rich and not expected 
to induce p-doping, boronic acid is electron deficient and its electron-withdrawing nature could 
induce p-doping in the graphene. This is supported by our experiments in which immobilization 
of electron-rich groups on graphene (such as butyric acid, a carboxylic acid) resulted in n-type 




reported by others82,84. Second, the observed n-type doping due to the boronic acid-glucose 
binding was likely the result of an increase in the local electrostatic potential in the proximity of 
graphene, as suggested by results from a potentiometric study of glucose detection by boronic 
acid85,86, which resembles our graphene nanosensor in electrode configuration. This electrostatic 
potential increase could be attributed to the formation of boronate, which would increase the 
electron donating ability of boronic acid while weakening its electron-withdrawing ability86. 
 
Figure 3.13: Measurements of fructose using 9-anthracene-boronic acid (ABA) as receptor. The 
p-doping induced by boronic acid, and the n-doping upon glucose binding were qualitatively 
consistent with the observations in glucose measurements using PBA. 
 
These conjectured sensing mechanisms suggest that immobilization of boronic acid on graphene 
or even other semiconducting materials, using other attachment groups should also allow for 




anthracene-boronic acid (Figure 3.13) were found to be qualitatively consistent with results 
obtained with PBA as presented above. The corroboration of these mechanisms, however, 
requires a systematic study in future work. Further insight into the underlying physics may also 
lead to important improvements in the sensor performance. In particular, affinity sensors that use 
boronic acid (which forms boronate by binding to diol groups), including our current nanosensor 
(Figure 3.14), is in general not capable of distinguishing between different diol-containing 
monosaccharides. Although they may still be adequate for practical glucose detection in 
physiological fluids where glucose is present at dominant concentrations87,88, we anticipate that it 
is possible to chemically modify boronic acid-based receptors to impart glucose-specificity to the 
nanosensor over other monosaccharides89, which will also be a major subject of our future 
investigation. 
 
Figure 3.14: Measurements of fructose using PBA as receptor. The p-doping induced by boronic 






3.2.3 Real-time monitoring of insulin level 
Control of glucose level in blood is critical for patients suffering from both Type 1 and 2 
Diabetes90. Most of the therapy options eventually require administration of insulin, an endocrine 
peptide hormone promoting absorption of blood sugar. While insulin can be injected or inhaled 
by patients, it remains a challenge to choose a correct dose schedule, as the effective durations 
and strengths of different types of insulins vary significantly91,92. Blood sugar levels are usually 
measured to assist to determine the dose of insulin injection, which unfortunately lacks accuracy 
because of the lag from insulin introduction to effective glucose regulation93. Therefore, use of 
insulin in a timely manner is strongly dependent on accurate predictions of insulin levels. 
 
Conventional antigen-antibody based methods to quantify insulin concentrations, such as the 
radioimmunoassay (RIA) and enzyme-linked immunosorbent assay (ELISA), are time-
consuming and not amenable to real-time monitoring94. Electrochemical or optical sensors have 
been developed to largely reduce the required detection time (< 2 hours)93,95-98. However, due to 
the low molecular mass (5807.57 g/mol) and weak charges of insulin, the sensitivities (1.34 nM) 
obtained using these methods have not allowed us to perform label-free detection of insulin at 
physiologically relevant levels (lower than 270 pM)92 without pretreatment of samples. 
 
This section presents a graphene field effect-transistor (GFET) based aptameric nanosensor for 
the real-time monitoring of insulin levels, relying on the affinity binding of insulin and its 
aptameric receptor IGA3. The short time required for monolayer aptamer-insulin binding and the 




in the insulin level within 260 s. Furthermore, physiologically relevant levels of insulin, as low 
as 35 pM, can be detected. This is attributable to the high sensitivity of the GFET to the changes 
in the charge distribution on and in the immediate vicinity of the graphene surface, which is 
offered by the high mobility and large surface-volume ratio of graphene. Moreover, as aptamers 
can discriminate between insulin and other closely related analogs on the basis of subtle 
structural differences, the aptameric nanosensor showed significant improvements in the 
specificity to insulin over the devices based on antigen-antibody reactions. Here, we have 
experimentally demonstrated that the aptameric nanosensor could be used for label-free, specific 
and real-time measurement of insulin at physiologically relevant levels. The nanosensor is 
configured as a graphene based field effect transistor. The electrical double layer at the interface 
of the graphene and electrolytes serves as a gate dielectric. A drain-source bias Vds generates a 
current Ids through the graphene channel, as a function of the applied gate voltage Vg.  
 
Figure 3.15: Principle of the graphene nanosensor for insulin detection. The sensing surface is 




PASE linker. The aptamer specifically binds to insulin in the sample solution, promoting the 
formation of both parallel and anti-parallel G-quadruplex, which brings negatively charged 
insulin and DNA strands to the close vicinity of graphene surface, causing disturbances to the 
carrier concentration in the bulk of graphene and yielding detectable signals. 
 
Detection of insulin was allowed by the structural change of the insulin-specific aptamer (IGA3) 
when interacting with insulin (Figure 3.15). IGA3 is a guanine-rich oligonucleotide strand, in 
which G-quartet planes can form via Hoogstein base-pairing, consisted of four hydrogen-bonded 
guanine bases. G-quadruplex can then be generated by stacking of two or more G-quartet 
structures. These structural changes of the aptamer in the close vicinity of graphene cause 
disturbances to the charge carriers in graphene and result in detectable changes in the measured 
Ids. To biochemically activate graphene surface for insulin binding, the graphene channel was 
functionalized as follows. 1-pyrenebutanoic acidsuccinimidyl ester (PASE) was noncovalently 
coupled to graphene via - interaction, after which the IGA3 aptamer was immobilized on the 
surface via the reaction of amine group on the aptamer with the NHS ester on PASE. Further 
details of the device fabrication and surface functionalization can be found in Supplementary 
Information.  
 
The nanosensor was then used to measure insulin levels in phosphate buffered saline (PBS). 
Insulin solutions of increasing concentrations from 100 pM to 1 µM were sequentially 
introduced to the PDMS chamber of the nanosensor. The binding of insulin to the IGA3 aptamer 
was allowed to reach equilibrium before the replenishment of sample solutions. After exposure 




physiologically relevant insulin levels (Figure 3.16), indicating that binding of insulin to the 
IGA3 aptamer generated n-type doping to graphene.  
 
Figure 3.16 Detection of insulin using the aptameric nanosensor. (a) Transfer characteristics 
measured when the aptamer-functionalized graphene was exposed to insulin solutions 
(concentration: 100 pM to 1 μM). The transfer characteristic curve shifted to the left as a result 
of the increase of the insulin concentration. 
 
It was observed that the transconductance of both hole and electron conduction branches 
remained constant, at 40.476 ± 0.686 µS. Given that the ionic strength of the buffer did not 
change, the double layer capacitance was also deemed unchanged. Therefore, the carrier mobility 
was not expected to be varied significantly by insulin binding. Instead, the left-shift of the VNP 
clearly suggested that more electrons (n-type carrier) were doped into graphene upon the 
interaction of insulin to the IGA3 aptamer. Typically, the detection of large biomarkers, such as 
proteins, using a solution-gated graphene FET is based on the electrostatic gating effect 




induced in graphene were opposite to and hence in balance with the charges carried by the target 
molecules. In our experiments, while the insulin, whose isoelectric point (PI) is 5.8, was weakly 
and negatively charged at pH of 7.4, n-type doping was generated in graphene upon the binding 
of insulin to the IGA3 aptamer. Thus, the increase in the electron (n-type carrier) concentration 
in the graphene was not considered as a result of the electrostatic gating effect but could be 
attributed to the direct charge transfer to the graphene, from either insulin or the deformed IGA3 
aptamer.  
 
Figure 3.17: Real-time measurement of insulin concentration changes. The responses are 
demonstrated by the changes of the drain-source current Ids. 
 
Time-resolved measurements (Figure 3.17) of insulin were performed on the nanosensor with 
fixed drain- source bias Vds = 50 mV and gate bias Vg = -50 mV. With increase in insulin 
concentrations from 100 pM to 1µM, the measured Ids monotonically decreased from 8.09 to 
7.16 µA. The binding of insulin with the monolayer IGA3 aptamer reached equilibrium within 




nA, the limit of detection (LOD) was estimated to be 35 pM, outperforming most of the existing 
methods99,100. 
 
3.2.4 Tumor necrosis factor alpha sensing on flexible substrate 
In this section, we introduce a flexible graphene aptameric nanosensor fabricated on 
polyethylene naphthalate (PEN) film, which can work properly under bending, for rapid, direct, 
highly sensitive and label-free detection of tumor necrosis factor α (TNF-α) at physiologically 
relevant levels. TNF-α is a pro-inflammatory factor that acts as a biomarker of many kinds of 
pathologies. Hence, to develop wearable biosensors to monitor the TNF-α level is of great 
significance for clinical diagnostics. Currently, existing methods to quantify the TNF-α 
concentration, such as sur-face plasmon resonance and fluorescence measurement, are still 
hampered by sensitivity and not amenable to be used in wearable applications. Graphene has 
demonstrated excellent potential for flexible electronics and wearable devices. The mechanical 
flexibility of the PEN film also accommodates the deformation of the substrate and allows the 
nanosensor to conform to nonplanar surfaces that can potentially be useful in applications with 
geometries with curvature. In addition, thanks to the short time required for the binding between 
the monolayer aptamer and TNF-α, the graphene nanosensor can be used for rapid detection of 






Figure 3.18: Device design and measurement setup of the flexible graphene FET sensor. 
 
The flexible nanosensor is configured as an electrolyte-gated graphene field-effect transistor (Fig. 
3.18). A 50 nm thick SiO2 layer is first coated on the PEN substrate. Drain and source electrodes 
are fabricated using standard microfabrication technologies, and graphene is subsequently 
transferred onto the substrate. 
 
PASE is coupled to graphene via π- π stacking. Then aptamer VR11 is conjugated to PASE by 
forming amide bonds. Captured TNF-α by the aptamer varies the carrier concentration in 
graphene, yielding a detectable signal. We then tested the aptamer-functionalized nanosensor 
with TNF-α under different bending radii. As the TNF-α concentration increased from 0 to 500 
nM, the VDirac of graphene at different bending radii (flat and 40.3 mm) were found to decrease 
by 35 mV and 12 mV, respectively (Figure 3.19). This indicated that TNF-α captured by the 







Figure 3.19: Transfer characteristics measured when the aptamer-functionalized graphene, in 
flat (a) and bent (b) status, exposed to TNF- α solutions (concentration: 5 nM to 500 nM). The 
transfer characteristic curve shifted to the left as a result of the increase of the TNF-α 
concentration. 
 
3.3 Bottom local-gate graphene field effect sensors 
As described in the previous sections, graphene has been used to form a conducting channel in 
field effect transistors (FET), allowing highly sensitive electric detection of analytes. Such 
graphene FET (GFET) sensors, when operating in liquid media, are generally constructed in a 
solution-gated or solid-gated configuration. In a solution-gated GFET sensor, a reference 
electrode is inserted into the electrolyte solution that is in contact with graphene to serve as the 
gate electrode, while the electric double layer (EDL) formed at the solution-graphene interface 
plays the role of the gate dielectric. Using various compositions of an electrolyte solution or 
graphene-immobilized functional groups, such sensors have been used to demonstrate the 





Theses solution-gated sensors typically require an external electrode inserted into the electrolyte 
solution, which hinders the integration and miniaturization of the device. In addition, the gate 
capacitance, or the capacitance across the EDL dielectric layer is susceptible to disturbances in 
liquid media, which can result in fluctuations in electrical measurements of properties of 
graphene including the position of the Dirac point. In contrast, in a typical back-gate GFET, the 
gate capacitance is provided by a SiO2 dielectric layer sandwiched between graphene and the 
underlying silicon substrate, which serves as the gate electrode. By eliminating the need for the 
external wire insertion into the electrolyte solution, solid-gated sensors can be highly 
miniaturized and integrated. However, due to the intrinsically low capacitance of the SiO2 layer, 
usually the solid-gated GFET sensors require undesirably high gate voltages (40~50 V), 
consequently impeding their application to biosensing in liquid media. This section presents a 
GFET nanosensor in liquid media using a thin layer of HfO2 with a high dielectric constant (κ) as 
a gate dielectric layer. This sensor is operational at a gate voltage of less than 1.5 V, which is 
approximately a factor of 30 lower than that used in conventional SiO2 solid-gated sensors.  
 
Figure 3.20: Schematic of the graphene-based FET nanosensor. Graphene serves as the 
conducting channel, while a 20-nm-thick HfO2 layer between the graphene and the substrate-





3.3.1 Sensor design and fabrication 
The HfO2 layer is sandwiched between the conducting-channel graphene and a gate electrode 
(Figure 3.20) and is hence embedded within the sensor. This enables a high level of integration 
in the construction and passivation of electrically conducting elements in the sensor, as is highly 
desirable for analyte detection in liquid media. The use of the high-κ dielectric material (HfO2) 
provides two orders of magnitude higher specific capacitance than conventional SiO2 solid-gated 
sensors, thereby rendering high transconductance and allowing the device to operate at low gate 
voltages. In addition, the gate dielectric is isolated from the liquid media, thus eliminating errors 
caused by disturbances (e.g., bulk motion of sample solution).  
 
 
Figure 3.21: Fabricated sensors. Left: Photograph of a 4-inch wafer on which the devices were 
fabricated. Right: Microscopic photo of close-up of the channel region. 
 
The nanosensor (Figure 3.21) was fabricated on a SiO2-coated silicon substrate. After cleaning of 
the SiO2, 5/45 nm Cr/Au was deposited. Photoresist (S1811, Shipley) was then spin-coated on 




MicroTec) was then used to pattern the shape of the gate electrode on the wafer. The wafer was 
then developed in developer (AZ MIF 300, AZ Electronic Materials) and local wet etched in 
gold and chrome etchant subsequently. The wafer was cleaned with piranha solution followed by 
oxygen plasma. Next, a 20 nm HfO2 layer was deposited on top of the gate electrode using 
atomic layer deposition (ALD, Savannah 200, Cambridge Nano Tech) at 3.6×10-1 torr and the 
temperature as high as 200°. Another layer of photoresist (S1811, Shipley) was spin-coated and 
patterned to define the shape of source and drain electrodes, followed by deposition of 5/45 nm 
Cr/Au. Lastly, the wafer was immersed in photoresist stripper (AZ MIF 400 Stripper) and 
acetone sequentially to dissolve the photoresist and shape the drain and source electrodes.  
 
Figure 3.22: Transfer characteristic of the bottom local-gate graphene FET in air.  
 
We then investigated the transfer characteristics of bare graphene in air. IDS was measured while 
the solid-gate voltage VSG, which makes a major contribution to the overall gate voltage (below), 




voltage, or the gate voltage value at which the IDS achieves the minimum (Figure 3.22), was 
hence determined to be VSG,NP = 0.7 V. This confirmed the functionality of the bottom local-gate 
FET devices. 
 
Figure 3.23: Dependence of the nanosensor characteristics on pH. (a) Transfer characteristic 
curves obtained at varying pH values. The VSG, DP shifts linearly to higher gate voltages with 
increasing pH (57.6 mV/pH). (b) Dependence of the Dirac point voltage on pH. The solid line 
represents a linear fit. 
 
3.3.2 Real-time monitoring of solution pH level 
We next tested our nanosensor for pH sensing in liquid media. Samples at various pH values (5.3 
to 9.3) were prepared by mixing NaOH or HCl with phosphate buffered saline (PBS) buffer (Life 
Technologies, ionic strength ~150 mM). A sample solution was incubated with our nanosensor, 
during which IDS values were measured while the gate voltage VBG was swept from 0.6 V to 1.6 
V. We found that VSG,NP < 1.5 V at all pH levels (Figure 3.23). These significantly reduced gate 
voltage values, compared to 40-50 V for SiO2 based solid-gated sensor, can be attributed to the 




dielectric layer. VSG,NP was found to linearly increase with the pH value at a sensitivity of ~57.6 
mV/pH, which would otherwise not be attainable by a conventional dielectric (SiO2)-based 
device operating at similarly low gate voltages. We have also determined that these 
measurements were reproducible, with a different device of the same design yielding a closely 
agreeing sensitivity of 58.2 mV/pH. When pH increases, the electrostatic potential above 
graphene increases due to the decrease of H+ (see below); therefore, the curve shifts to the right 
to compensate for the increase in the electrostatic potential. The leakage current between 
drain/source and gate electrodes was found to be much smaller than IDS and therefore negligible. 
 
Figure 3.24: Independence of transconductance of the pH levels. 
 
There are two possible physical processes that have been used to explain how adsorption of ions 
on graphene causes variations in the conductivity101. The first process involves the charging of 
the EDL capacitor by adsorbed ions, thereby causing variations in the potential in the solution in 
contact with the graphene, and therefore changing the Fermi level and carrier density of 
graphene, e.g., the electric field tuning102. In the second process, which is known as the surface 
charge transfer doping101, adsorbed ions serve as dopants, from which electrons are exchanged 
into the graphene. Our solid-gated sensor, which avoids the influence of the externally applied 




charging or the surface charge transfer doping. Derived from the transfer characteristics obtained 
at different pH levels, the transconductance was found to be within 0.3 µS of a constant value of 
23.2 µS (Figure 3.24), implying that the carrier mobility was also approximately a constant 
regardless of the pH variations. Therefore, the surface transfer doping is not a dominant effect, 
which would otherwise have altered the carrier mobility significantly103, in agreement with the 
study by Xia104 and Mailly105. 
 
On the other hand, to investigate the effect of the charging of the EDL capacitor our sensor can 
be modeled as a dual-gate field effect transistor consisting of the solid gate (with HfO2 as the 
dielectric) below the graphene and a solution gate formed by the EDL above the graphene at its 
interface with the solution. The voltage on the top solution gate, VLG, which is equal to the 
potential drop across the EDL capacitor, depends on the ion concentration in the electrolyte 
solution. This solution gate voltage, which leads to the charging of the EDL capacitor, can be 
estimated by the Nernst equation106, VLG = E0 - 2.3 log(H
+)RT/nF, where E0 is a constant 
reference potential, R the universal gas constant, T the temperature of 298.15 K, n the ionic 
charge (1 for H+), F the Faraday constant. With pH= -log(H+), we obtain VLG = E0 + (59.2 mV) 
pH. Thus, the highly linear dependence of the experimentally determined VSG,DP on pH (Figure 
3.23) allowed us to conclude that the right shift of VSG,DP with pH is due to the increase in VLG. In 
addition, it was seen that VSG,DP depended on VLG in a roughly linear manner in the pH range 
tested. As the slope of this dependence (estimated to be ~1) is equal to the ratio of the solution-
gate capacitance (CLG) to the solid-gate capacitance (CSG)
107,108, CLG/CSG ≈ 1. That is, the solid-
gate capacitance was comparable to the liquid-gate capacitance109 (typically on the order of 1 




GFET devices. This should be attributable to the coupling between the CLG and CSG in parallel 
(Figure 3.25).  
 
Figure 3.25: Schematics of the coupling effect between the CLG and CSG 
 
Note that the area of the graphene gated by the electrode is significantly smaller than the area 
covered by the droplet of the electrolyte, the equivalent capacitance Ce would be dominated by 
the liquid gate capacitance. This means that, without exposing the metal electrode to the solution, 
the gate capacitance remains close to the very high double layer capacitance, which is difficult to 
achieve using solid dielectric materials. This allowed the nanosensor to operate at the low gate 
voltages as demonstrated. In addition, it should be noted that at a given pH level, a significant 
increase in the ionic strength of alkali cations (e.g. Na+, K+) may decrease the measurement 
sensitivity. This is because the electrostatic gating effects produced by the alkali cations compete 
with the gating effects from the H+. Therefore, to measure the concentration of H+, the 
concentration of the nonspecific ions should be maintained at a constant level to obtain a 
constant sensitivity. Indeed, the concentrations of the alkali cations were approximately constant 
in our experiments, as the NaOH was added to the buffer at a very dilute concentration (~ 0.1 
mM) and hence had negligibly effects on the on the ionic strength of the buffer (150 mM). 
Therefore, the sensitivity in pH measurements was approximately constant and not affected by 





Figure 3.26: Real time measurements of pH: the source-drain current IDS varied consistently and 
reversibly with pH at a fixed gate voltage (VSG = 0.75 V). 
 
To demonstrate the ability of the nanosensor to perform real-time pH measurements, we 
measured IDS at a fixed gate voltage (VBG = 0.75 V), while successively introducing samples with 
different pH values (Figure 3.26). As pH decreased from 9.3 to 5.3 (i.e., the solution becomes 
more acidic), the VTG also decreased, and the EDL capacitor accordingly underwent partial 
discharging. This caused a decrease in the carrier concentration of the graphene, and IDS hence 
correspondingly decreased. These phenomena were reversed as pH continued to change, but now 
in a reversed direction by increasing from 5.3 to 9.3. This reflected that the EDL capacitor 
underwent charging, thereby causing the carrier concentration in the graphene, and hence IDS, to 
increase. Throughout the entire set of measurements, the values of IDS were found to be 
consistent at a given pH value, regardless of whether this value was reached by pH increasing 
from a lower value or decreasing from a higher value, with small deviations attributable to the 
hysteresis in the electronic transport in the graphene110. Thus, it was concluded that pH 
measurements by the nanosensor were reversible, which is important for practical applications. 





3.4 Chapter summary 
In this chapter, we introduced our works on the graphene based field effect biosensing, with 
focus on addressing the difficulties in detection of low-molecular-weight small molecules. First, 
the solution-gate FET sensor was presented for affinity-based detection of low-charge, low-
molecular-weight molecules, using glucose as a representative analyte. The nanosensor 
employed a graphene field-effector transistor in which graphene was functionalized with boronic 
acid for glucose recognition. The boronic acid is attached to graphene via the interaction between 
graphene and pyrene groups, allowing sensitive detection of electrically neutral glucose 
molecules. Testing results demonstrated that the nanosensor was capable of measuring glucose in 
a practically relevant range of 2 μM to 25 mM, with a resolution of 0.46 μM. Second, we 
presented real-time monitoring of insulin using the GFET sensors. Experimental results indicated 
that the graphene nanosensor used by this approach demonstrated a distinctive ability in 
quantitatively monitoring of insulin levels ranging from 100 pM to 1 μM with a limit of 
detection (LOD) down to 35 pM. Third, the GFET sensors were fabricated on flexible substrates 
for detection of dry-eye disease related biomarker TNF-α.  
 
In addition to the solution-gate GFET sensors, we also proposed a bottom local-gate FET sensor.  
The embedded solid gate eliminates the need for an external gate electrode and is hence 
amenable to the complete integration of the nanosensor as is highly desirable for analyte 
detection in liquid media. The use of a high-κ dielectric allows the device to operate at low gate 
voltages and avoids errors caused by gate capacitance variations. Experimental data from the 




mV/pH. The pH-dependent electrical responses of the nanosensor responsible for the 
measurements were found to be caused by the charging of the electric double layer capacitor, 
rather than surface transfer doping. These results suggest that the GFET nanosensor can be 
potentially used to enable highly integrated sensing of chemical and biological analytes. 
 
Further improvements of the GFET sensor could include complement of the data collection and 
processing part toward a more integrated and fully functional system. Also, the specificity, long-
term stability, resistance to environmental perturbances need to be tested, with efforts on 





Graphene-metallic metasurface plasmonic sensors 
 
4.1 Introduction to plasmonic sensors   
4.1.1 Standard surface plasmonic resonance sensor 
The surface plasmon polariton is a surface wave that propagates along the interface of metal and 
dielectric material. Since the wave is at the interface of the metallic and the environmental 
medium (air, water or vacuum for example), these oscillations are very sensitive to any changes 
applied to boundary, and therefore it can be used to detect the molecules that adsorbs on the 
conducting surface. The biosensors based on the surface plasmon resonance (SPR) has become a 
standard instrument in biological study111. In addition to detecting or quantifying biomolecules, 
they are also used to study the binding kinetics of a target analyte with its receptor.  
 
 
Figure 4.1: Schematics of the setup of a standard SPR sensor. [Adapted from M. Cooper et al. 





The surface plasmon can be excited using a prism which can control the angel of the light 
transmission to the interface of metal and dielectric (for example the biological fluid). With 
receptor molecules functionalized on the metal surface, upon presence of corresponding target 
analytes in the fluid, their interaction will cause changes in refractive index at the interface and 
therefore changes the transmission of the light, for example the incidence angel at which the light 
can resonate with the surface plasmon. 
 
To ensure the signals come from the analyte of interest, specific receptors need to be firstly 
functionalized on the surface of the metal. While the SPR sensor have enabled detection and 
characterization of behaviors of large molecules, its sensitivity is limited by the molecular-mass 
and therefore insufficient to detect small molecules, of which the molecular-mass is below 500 
g/mol. This is because the classic SPR sensor mainly detect the changes in the bulk refractive 
index, which does not significantly change due to the binding of the monolayer small molecules 
on the surface of the metal.  
 
4.1.2 Refractive-index based localized plasmonic sensors 
Different from the surface plasmon propagating along a flat surface, the localized surface 
plasmon (LSP) is the plasmon confined to a particle that in size is comparable to the wavelength 
of light (λ), usually nanostructures with designed geometries. The free electrons of the 
nanostructures can interact with the collective oscillation of the plasmon, which generates 
enhancement in the electrical field close to the surface of the nanostructure, although the 




plasmonic resonance frequency (λr), at which the extinction of the nanostructures reaches 
maximum, dependent on the refractive index of the surrounding environment112. 
 
Figure 4.2: Two modes of the LSPR sensors: bulk refractive index sensing and local refractive 
index-based molecular sensing. [Adapted from K. Mayer et al. Chemical Reviews, 2011.] 
  
The dependence of λr on refractive index makes the LSP resonance (LSPR) based sensors able to 
detect changes in bulk refractive index, like the SPR sensors. But it is unique to LSPR sensors to 
be able to detect the changes in local refractive index because the electrical field is strongly 
confined to the local area near the surface of the nanostructures (Figure 4.2). Therefore, the 
LSPR sensors can more sensitively respond to the binding between the target analytes and the 
receptors immobilized at the surface of the nanostructures, especially when the concentrations of 
the analytes are too low to introduce significant changes in bulk refractive index of the medium 
such as buffer.   
 
While the sensitivity of the LSPR based sensors has been in general improved over that of the 




the refractive index can be changed by any materials adsorbed on the surface, or even variations 
in temperature and humidity, the shifts of the plasmonic resonance frequency may not result 
from the binding of the target analytes of interest. Second is the incapability of detecting very 
small molecules with low-molecular-weight. While the LSPR sensors have demonstrated higher 
sensitivity in sensing of some small protein molecules such as insulin, it remains challenging to 
quantify even smaller molecules such as metal ions, monosaccharides and so forth, in particular 
at low concentrations. 
 
Here, employing engineered metasurface with its plasmonic resonance frequency in mid-IR 
region, we demonstrated sensors that allows both quantification and identification of 
biomolecules in a single measurement. Then we present a hybrid metasurface-based sensor by 
loading monolayer graphene on the metallic metasurface. The plasmonic resonance frequency of 
the hybrid metasurface is no longer solely dependent on the refractive index, but also a function 
of the optical conductivity of graphene. Therefore, it can detect molecular doping from small 
molecules to graphene, independent of the molecular-mass of the analytes. 
 
4.2 Metallic metasurface based mid-infrared sensors  
This section presents a plasmonic biosensor that allows for detection of both concentrations and 
fingerprints of biomolecules. Human immunoglobulin G (IgG) concentrations down to 30 pM 
was resolved from the plasmonic resonance shift, corroborated by the increase in the intensities 
of protein amide I and amide II bands. Thanks to the enhancement of the interactions between 
microscale infrared light and nanoscale molecules, vibrational fingerprints of protein molecules 















Figure 4.3: Sensor design. (a) Schematics of the sensor without graphene. (b) Scanning electron 
microscope photo of the fabricated sensor. Scale bar 1 µm. (c) Close-up of the circled region in 
(b). The gaps between neighboring antenna nanorods were approximately 30 nm.  
 
The sensor consisted of an array of plasmonic nano-antennas on SiO2 (Figure 4.3). Each antenna 
nanorod is 1.84 µm long separated from the neighboring antenna by a 30-nm gap. These antenna 
nanorods showed an intrinsic plasmon resonance at ~1420 cm-1, in the mid-infrared range that 
overlaps with vibrational bands of most organic chemicals and biochemical molecules. A gold 
film under SiO2 served as the back mirror to create a cavity with the oxide dielectric layer to 
further enhance the interactions of IR light and molecular vibration. Enhancement of the 
molecular vibrational spectral signal was a result of coupling of the vibrational resonance and the 




mismatch with the size of nanometric biomolecules, confinement of the electric field in the close 
vicinity (~10 nm) of nanorods (Figure 4.4) can highly enhance the interactions between IR light 
and the biomolecules. The enhancement effect would be stronger when the plasmonic resonance 
frequency is closer to that of the molecular vibrational resonance. To fabricate the metasurface, 
50 nm thick Au mirror were deposited on heavily doped silicon substrate, followed by deposition 
of 285 nm thick SiO2 using plasma enhanced chemical vapor deposition (PECVD). Gold 
nanorods (thickness 50 nm) array was fabricated over a 400 µm by 400 µm area on the oxide 
layer using electron beam lithography, electron beam evaporation and lift-off. 












Figure 4.4: Top view of the electrical field distribution over a pair of gold antenna nanorods, 
calculated using finite-difference time-domain (FDTD) simulation. It is found that the near field 
is strongly confined in the close vicinity of the gold nano-antennas.  
 
4.2.2 Quantification and fingerprinting of human Immunoglobulin G 
We then performed measurement of human Immunoglobulin G (IgG). The optical absorption of 
the metasurface was characterized using Fourier transfer infrared spectroscopy (FTIR). Firstly, a 




A/G at 1 mg/mL in phosphate buffer solution (PBS, pH 7.4) was drop-coated on the device and 
incubated for 1.5 hours at room temperature. The device was then gently washed by fresh buffer 
and deionize water for three times respectively, to remove free protein molecules. Upon 
immobilization of the monolayer protein (thickness ~3 nm), the plasmonic resonance was red-
shifted by ~13 cm-1. Also, the spectral signal around 1650 cm-1 and 1550 cm-1 were clearly 
observable in the measured IR spectra (Figure 4.5), thanks to the enhancement of the interaction 
between IR light and the protein molecules; they are respectively attributable to the protein 
amide I and amide II bands113, and further confirmed the successful immobilization of protein 
monolayer on the metasurface.  
 
Figure 4.5: Detection of IgG. (a) Amide I and II bands after immobilization of monolayer 
protein A/G. (b) Shift of plasmon resonance caused by the binding of IgG and protein A/G. 
 
In quantitative measurement of IgG, an antibody that can be specifically captured by the protein 
A/G via affinity binding, the sensor was then exposed to IgG solutions from 30 pM to 300 nM. 
Increase of the IgG concentration generated red-shifts of the resonance peak were, by increasing 




a function of IgG concentration ∆ωr were fitted to Langmuir isotherm model: 
∆ωr= ∆ωmax [C] / (Kd + [C]) 
where ∆ωmax is the maximum shift in wavenumber introduced by the IgG binding, approached 
when the binding is saturated the; Kd is the dissociation constant in nM as a measure of the 
affinity of the target to the receptor; and [C] is the concentration of the IgG in buffer. The 
estimated dissociation constant was around 1.1 nM (Figure 4.6), slightly lower than the Kd for 
rabbit or mouse IgG binding to the same protein A/G, implying stronger affinity of human IgG to 
the protein A/G114. 
 
Figure 4.6: Fitting of the data points to the Langmuir isotherm yields a dissociation constant 
~1.1 nM. 
 
In addition to the plasmonic resonance shift, it was also found that the intensities of amide I 
monotonically increased with the IgG concentration, further confirming that the resonance shift 
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Figure 4.7: Increase in the intensity of amide I band confirmed successful binding of IgG. 
 
This demonstrated that the sensor was able to in parallel monitor the molecule-binding-
introduced refractive index changes and deliver the structural fingerprints of the molecules. This 
will not only effectively minimize possible false signals in optical measurements caused by 
environmental variances or contaminations, but also lead to achievement of molecular structural 
information in a more cost and time efficient manner using a small amount of sample.  
 
4.3 Graphene-metallic hybrid metasurface based sensors 
Small molecules such as amino acids, metal ions and monosaccharides play critical roles in 
biological processes including gene expression, protein-protein interaction and metabolic 
regulation. Experimental studies of their behaviors are in general challenging due to the 
difficulties in manipulating and detecting these low-molecular-mass molecules. For example, the 
sensitivity of standard surface plasmon resonance (SPR) biosensors is insufficient for detecting 




to develop methods for highly sensitive and efficient detection of small molecules. Metasurface 
based localized plasmonic sensors have become particularly promising because of their 
significantly improved sensitivity compared to conventional SPR sensors. Responses of these 
sensors, however, mostly still depend on the analyte mass or changes in local refractive index, 
which is not amenable to the detection of small molecules at low concentrations. This limitation 
is more significant for sensors operating in infrared (IR) region due to the weaker interaction 
between microscale IR light and nanometric molecules115. Thus, IR based biosensors have been 
rarely demonstrated for highly sensitive quantification of small molecules, although they 
typically can reveal molecular fingerprints and offer distinctive selectivity in biosensing116.  
 
In this section, exploiting the unique optoelectronic properties of graphene in combination with 
engineered metallic metasurfaces, we present a solid-state mid-IR plasmonic nanosensor for 
ultrasensitive detection of small molecules. The graphene-metallic hybrid metasurface has its 
plasmonic resonance frequency in mid-IR region as a function of the optical conductivity, or 
carrier density of graphene117, thus can detect carrier doping from adsorbed molecules. The 
optical conductivity based plasmonic biosensor exhibits important advantages. First, the 
sensitivity of this sensor is no longer limited by the molecular mass and drastically improved 
thanks to the high sensitivity of graphene to molecular doping103,118. The semi-metallic graphene, 
by strongly confining the electrical field near its surface, enhances its interaction with the field 
and in turn also improves the sensitivity. Second, molecules with similar molecular masses can 
be differentiated from the resonance shifts introduced by the changes in graphene optical 
conductivity rather than refractive index. Third, the sensitivity of our plasmonic sensor, mainly 




to degradation of graphene carrier mobility, in contrast to the field effect transistor based 
sensors119,120. Finally, the vibrational fingerprints, especially when the analyte quantity is limited, 
can be largely enhanced by the strongly confined electrical field on the metasurface. This 
facilitates fast identification of analytes but has been non-trivial for most other biosensors.  
 
Using this hybrid metasurface based nanosensor we demonstrated sensitive detection of small 
molecules. Monolayer low-molecular-mass pyrene derivatives were optically detected and 
differentiated from each other. Sub-monolayer glucose was reversibly quantified via its affinity 
binding with boronic acid on the graphene surface, from 2 nM to 20 mM, almost 5 orders of 
magnitude more sensitive than refractive index based plasmonic sensors. We also studied the 
effects of the antenna geometries on the sensitivity and further improved the sensitivity by 
shrinking the gap size to 10 nm between adjacent antennas using new fabrication methods.  
 
4.3.1 Sensor principle, design and fabrication 
 
Figure 4.8: Schematic illustration and microscopy characterization of the hybrid metasurface. 
(a) Schematic of the graphene-metallic metasurface, with pyrene groups adsorbed on the 




The sensor consisted of Au antenna nanorods (length L=1.64 µm) on SiO2 with small gaps (g≈30 
nm) between neighboring nanorods (Figure 4.8).  A Pt mirror under the SiO2 created a cavity to 
suppress the optical transmission and enhance the quality factor of the plasmonic peak16.  
 
Monolayer graphene was transferred onto the metallic antenna to create the graphene-metallic 
hybrid metasurface. Benefiting from its excellent mechanical strength and flexibility, graphene 
tightly wrapped the nanorods over the 400 µm by 400 µm region and suspended over the 30 nm 
gaps (Figure 4.9). The plasmonic resonance exhibited by the device with as-transferred graphene 
was at around 1500 cm-1, in the mid-IR region where the optical conductivity of graphene was 
highly tunable. The optical absorbance at the plasmonic resonance frequency (ωr) of the hybrid 
metasurface was nearly 90% and dominantly stronger than that of the phonon resonances of 
dielectric oxide or organic residue. In contrast to the intrinsic graphene plasmon resonance that 
usually only generates an absorption of ~5%, the more pronounced resonance peak offers a 
higher signal-to-noise ratio for sensing.  
 
Figure 4.9: (a) Scanning electron microscopy photo of the nanorod antennas coated by 
monolayer graphene. Inset: Close-up image of the graphene suspended over the 30 nm nanogap.  





To fabricate graphene-metallic hybrid metasurface, 50 nm thick Pt mirror were deposited on 
heavily doped silicon substrate, followed by deposition of 285 nm thick SiO2 using plasma 
enhanced chemical vapor deposition (PECVD). Gold nanorods (thickness 50 nm) array was 
fabricated over a 400 µm by 400 µm area on the oxide layer using electron beam lithography, 
electron beam evaporation and lift-off. Monolayer graphene grown on copper foil via chemical 
vapor deposition (CVD) was then transferred on the prepared gold nanorods using polymer 
(PMMA)-assisted wet transfer method. The polymer layer was lastly removed by rinsing the 
device in acetone for over 3 hours at room temperature. 
 
4.3.2 Detection of sub-nanometer chemical molecules 
To verify that the plasmonic resonance can be tuned by molecular doping, we altered the carrier 
density of graphene by chemical treatment in acetonitrile (ACN) and solutions (in ACN) of two 
pyrene derivatives - amino-pyrene (AP, 217.27 g/mol) and boronic acid-pyrene (BAP, 246.07 
g/mol) (Figure 4.10), respectively. Raman spectroscopy indicated that the AP or BAP molecule 
was successfully immobilized on graphene and implied that the pure ACN bath could also 
generated doping to graphene.  
 
This should be due to the charge transfer between the adsorbed molecules from or to graphene as 
these small organic molecules are typically non-charge but some of them may serve as n-type or 
p-type dopants. For example, the molecules containing boron may tend to withdraw electrons 
because there is an empty orbital on boron atom, which makes boron strong p-type dopants as 





Figure 4.10: Detection of sub-nanometer chemical molecules. (a) Chemical structure of ACN, 
AP, and BAP. (b) Raman spectroscopy of graphene treated by different chemicals. (c) 
Characterization of the carrier doping (∆n) using field effect transistors. (d) Shift of the 
plasmonic resonance frequency by the molecular doping.  
 
Transfer characteristics (Figure 4.10) measured using graphene field effect transistors (FET) 
confirmed that the pure acetonitrile bath introduced strong p-doping, increasing the hole density 
(∆nh) by 2.3 ×1012 cm-2. Immobilization of AP and BAP molecules produced additional increase 
in hole density of 0.46 ×1012 cm-2 and 1.58 ×1012 cm-2, respectively. Fourier transform infrared 




metasurface. Compared to with untreated graphene, after treatment of ACN, AP and BAP, ωr 
shifted to higher wavenumber by 23 cm-1, 27 cm-1, and 46 cm-1, respectively.  
 
Figure 4.11: Influence of carrier density and mobility to the absorption spectroscopy of the 
metasurface. (a) Dependence of the amount of resonance shift on the carrier density. (b) 
Independence of the Q factor of the carrier mobility. (c) Equivalent circuit model of the 
metasurface. (d) Frequency response of the current Itot.  
 
The consistent blue-shifts are apparently not due to the increase in local refractive index, which 
should have red-shifted the resonance frequency as observed in typical plasmonic sensing. They 
instead should be attributed to the modulation of the graphene optical conductivity by the 




stronger p-doping, decreased the real-part of the graphene permittivity, thereby blue-shifting the 
plasmonic resonance121. The shift value |∆ωr| strongly depended on the carrier density doped into 
graphene by the molecules (Figure 4.11) and allowed us to differentiate these molecules despite 
their similar and low molecular masses. This made the optical-conductivity based sensor more 
selective than refractive index-based sensors, especially for analytes with similar molecular 
structures and weights. 
 
Besides the carrier density (n), the carrier mobility (µ) of graphene can also substantially 
influence the performance of graphene-based optoelectronic devices. For example, the sensitivity 
of the FET sensors linearly depends on the carrier mobility of graphene; also the magnitude and 
quality factor of the plasmonic resonance excited on graphene nanoribbons vary with graphene 
carrier density and mobility. Interestingly, for our hybrid metasurface sensor, the profile of the 
plasmonic resonance peak did not show appreciable deformation while the carrier mobility of 
graphene decreased significantly after chemical treatment, as is evident from the considerably 
less sharp transfer characteristics. The quality factor (Q) of the plasmonic resonance peak 
remained approximately constant at 5.5 within a deviation of 5.6% (Figure 4.11), although the 
hole mobility was lowered by nearly 70%, from 4570 cm2 V-1s-1 to 1420 cm2 V-1s-1.  
 
To understand the impact of each component on the resonance frequency and quality factor, we 
developed an equivalent circuit to simulate the absorbance of the hybrid metasurface. The 
capacitance (CA) and resistance (RA) from the surrounding environment (i.e. air in our 
experiments) were in serial with the capacitance, inductance and resistance of the metal antenna 




reached at the resonance frequency, i.e ωr. Similar to the experimental and FDTD simulation 
results, the frequency responses of the circuit, at different carrier densities and mobilities, also 
indicated that the Q factor was not sensitive to the graphene mobility. Thus, the plasmonic sensor 
offers robust solution to biosensing because biochemical functionalization and exposure to high-
ionic strength solution can significantly vary the carrier mobility. In the circuit model, the initial 
values of RA, CA, RM, LM, and CM were adapted from reference
121 and graphene inductance LG 
and resistance RG were determined by theoretical calculation (Figure 4.12). 
 
Figure 4.12: Calculation of the effective graphene inductance and resistance in the circuit model. 
Frequency dependent inductance LG (a) and resistance RG (b) at n=1×10
12cm-2 and different 
mobilities. 
 
In study of the effects of graphene carrier mobility, the LG and RG were set as constants equal to 
the values at wavelength of 7 µm (i.e. 1430 cm-1) which was close to the plasmon resonance 
frequency. The parameter values for each component at different graphene carrier mobility was 






Table 4-1: Parameter setup for simulation of the equivalent circuit.  
Vin (V) RA (Ω) CA (F) RM (Ω) LM (H) CM (F) 
100 1k 0.0321f 63 0.92p 0.0384f 
 
Graphene carrier density n=1×1012cm-2 
 
Graphene carrier density n=9×1012cm-2 
 µ (cm2V-1s-1) RG
 (Ω) LG (pH) µ (cm2V-1s-1) RG (Ω) LG (pH) 
1000 3900 3.7 1000 117 3.3 
3000 4500 8.9 3000 48 3.3 
7000 4800 11.2 7000 28 3.3 
10000 4900 11.7 10000 24 3.3 
 
4.3.3 Detection of sub-nanometer metallic nanoparticles 
To more carefully examine the contributions of the changes in optical conductivity and refractive 
index to the plasmonic resonance shift, a ultrathin layer (0.8 nm) aluminum (Al) was physically 
deposited on the bare Au nanorods and the graphene/Au hybrid metamaterials. Different from 
the pyrene derivatives that selectively couple with graphene, the Al nanoparticles could be 
homogenously coated over the sensor surface, including the nanometric gaps regardless of 
graphene, so that the effects of the refractive index and the graphene optical conductivity could 
be equally evaluated. As the work function of Al (WAl=4.28 eV) is lower than that of pristine 
graphene (WGr=4.6 eV), the Al nanoparticles in contact with the graphene upshifted the graphene 
Fermi level and donated electrons to graphene. From the measured transfer characteristics, it was 
found that the slightly p-doped (hole density nh=2.65×10
11 cm-2) graphene was converted to n-
doped (electron density ne=3.48×10
12 cm-2), with an absolute carrier density increase of 




particles generated a large blue-shift of 24.1 cm-1 on the graphene-metallic hybrid metasurface 
but a much smaller red-shift of 2.2 cm-1 on the pure Au antenna. This suggested that the variation 
in graphene optical conductivity blue-shifted the plasmonic resonance by 24.1+2.2=26.3 cm-1, 12 
folds of the shift due to the change in the refractive index. This affirmed the dominant 
contribution of the graphene optical conductivity in detection of these sub-nanometer molecules. 
The BAP molecules were found even smaller which an apparent diameter of around 0.5 nm122, 
therefore the shift of the plasmonic resonance caused by the refractive index change upon 
binding of BAP could be even smaller than 2.2 cm-1 and almost negligible.  
 
Figure 4.13: Detection of 0.8 nm Al nanoparticles. (a) Characterization of carrier doping of Al 




pure Au metasurface. (c) Measurement results on hybrid metasurface. (d) Comparison of the 
results. Inset: SEM photo of the deposited Al nanoparticles on graphene. 
 
4.3.4 Reversible measurement of glucose 
As a proof of concept to demonstrate sensitive measurements of small-molecule biomarkers 
using the hybrid metasurface, in the following we performed measurement of glucose, a 
monosaccharide that serves as important source of energy in cellular respiration. Recently the 
affinity binding between glucose and boronic acid has attracted much attention in development 
of next-generation, enzyme-free and oxygen independent synthetic chemosensors123. However, 
affinity binding-based optical methods for accurate detection of the monosaccharide at low 
concentrations are scarce, possibly due to the low molecular mass of glucose. It has been shown 
that, upon glucose binding, the boronic acid could be converted from an electron-withdrawing 
group to an electron-donating group86,124. This transition of the boronic acid is expected to give 
rise to changes in the graphene optical conductivity and allow for glucose sensing on the hybrid 
metasurface.  
 
Figure 4.14: Control experiments on pure metallic metasurface functionalized with boronic acid. 
(a) Schematics of sensor configuration. (b) X-ray photoelectron spectroscopy of 4-PBA 





To first examine possible responses introduced by refractive index variation, control experiments 
were conducted on pure Au metasurface treated by 4-mercaptophenylboronic acid (4-PBA) 
(Figure 4.14). The total shift of the plasmonic resonance from bare Au antenna to 4-PBA 
immobilization and exposure to 20 mM glucose solutions was merely 2 cm-1, hardly 
distinguishable from each other. This corroborated the inability of monolayer small molecule to 
introduce significant variation in the refractive index.  
 
We then performed measurements on the hybrid metasurface (Figure 4.15). When the graphene 
was treated by BAP, the plasmonic resonance significantly shifted to lower wavenumber after 
exposure of the device to glucose solutions. This was because that the p-doping of boronic acid 
to graphene was reduced by the glucose binding, and the graphene optical conductivity was 
decreased. The increase and decrease in hole density could be described by the molecular doping 
effects in the situation that the boronic acid was directly immobilized on graphene with no 
distance. Binding of boronic acid and 2 nM (0.36 ng/mL) glucose led to a clearly resolvable red-
shift of 1.5 cm-1. Compared with existing affinity based optical glucose sensors that measured the 
changes in local or bulk refractive index14,125,126, the detection limit is improved by almost 5 
orders of magnitude. Increasing glucose concentration to 20 mM monotonically red-shifted the 
plasmonic resonance. Fitting of the experimental results to the Hill-Langmuir equation gave an 
estimated dissociation constant of 99.2 µM. Thanks to the reversibility of the glucose-boronic 
acid binding, the sensor can also detect both increasing and decreasing glucose levels. The wide 
detection range (2 nM – 20 mM, 7 orders of magnitude) is physiologically relevant as it covers 




the sensor not only important in fundamental research, but potentially applicable in non-invasive 
glucose monitoring. 
 
Figure 4.15: Quantitative measurements of glucose on the hybrid metasurface. (a) Configuration 
of the hybrid metasurface sensor. (b) Measurement of glucose from 2 nM to 20 mM on the 
hybrid metasurface. (c) FET characterization of the n-doping introduced by glucose-boronic acid 
binding. (d) Dependence of |∆ωr| on the glucose concentration. (e) Langmuir fitting of the 
measured |∆ωr|. (f) Reversible measurement of glucose. Each data point is the average of 9 





4.3.5 Dependence of sensitivity on metasurface geometry 
Typically, on plasmonic biosensors higher sensitivity to local refractive index is achieved on 
antenna geometry with sharper corners, e.g. triangle, where electromagnetic field hot-spots are 
generated127. To understand if this principle is applicable to the optical conductivity-based 
biosensor, we designed another two shapes of antenna, disk and diamond, to compare with the 
rod antenna and study the influence of the antenna geometry on the sensitivity. The nearest 
distances between the adjacent antennas were kept at ~30 nm for all the three shapes of antenna 
(Figure 4.16). Measurements of 2 mM glucose caused relative shifts (∆ωr/ωr0) of 1.09%, 0.54% 
and 0.38% for rod, disk and diamond antennas respectively. The sensitivities of the disk and 
diamond antenna metasurfaces were reduced to 49.5% and 34.9% of that on rod antenna, in 
agreement with the simulation results, where the relative shifts introduced by a large modulation 
of graphene carrier density (∆n = 8×1012/cm2) on disk and diamond were 57.8% and 54.1% of 
that on rod antenna.  
 
Figure 4.16: Dependence of the sensitivity on antenna geometry. Left: SEM photos of rod, disk 
and diamond antennas. Gap length g=30 nm. Scale bars, 100 nm. Right: Comparison of the 





The sharp end on the diamond antenna did not bring up an increase in sensitivity, implying that 
the field confinement on the graphene-metallic metasurface was different from the pure metallic 
metasurface. The near field simulation (Figure 4.17) showed that while the field was mainly 
confined at the edge or corners on the pure metallic antennas, the semi-metallic graphene 
membrane led the field to be confined and distributed over the gap at the graphene surface and 
thus created more hot spots for graphene to interact with light. In this scenario, the shift of the 
plasmonic resonance would be influenced by both the intensity of the confined light and the area 
























Here  is perturbations of material permittivity (ε), E  is the electric field upon perturbation. 
0E presents unperturbed fields while 
*
0E  its conjugate. While both the denominator and 
numerator integrate over the space (V) of the system, the integration term in the numerator is 
non-zero only in the area (S) where the confined field overlap the graphene monolayer (thickness 
t). Note that on both disk and diamond antennas, the field intensity decayed very rapidly with the 
gap length. Therefore, it is possible that the broadening of the gap, while increasing the 
overlapping area S, overall weakened the interaction between graphene and the EM field and 






Figure 4.17: Near-field simulation for three antenna geometries. Left: pure metallic antennas. 
Right: Graphene-coated antennas. 
 
Study of the effect of gap length g on the sensitivity was then conducted on nanorod antenna. 
With g increased from 30 nm to 100 and 200 nm (Figure 4.18), the relative shifts introduced by 
20 mM glucose decreased from 1.28% to 0.62% and 0.22% cm-1, by nearly 50% and 80% 
respectively. Similar to the observation on the disk and diamond antennas, increasing g reduced 
the field intensity, possibly by weakening the coupling or interference between the field confined 
by each single antenna. Based on the near-field distribution, we also theoretically evaluated the 
relative shifts. Writing (∆ωr/ωr0) in its scalar form gives an expression of the relative shift as a 
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Here ∆ε represents the change of the local permittivity due to the variation of graphene optical 
conductivity, which is constant for a given carrier doping to graphene. The factor K is a variant 
representing relative change of electric field energy distribution, which is dependent on the 
antenna geometry and can be calculated from the electric near-field distribution (Figure 4.17, 
Figure 4.18c). The trends of the theoretically calculated K and the simulated ∆ωr/ωr0 agreed 
nicely with each other for the above five antenna geometries. This confirmed that the nanorod 
antenna with 30 nm gap offers higher sensitivity than disk and diamond antennas, as well as the 
rod antennas with larger gaps. According to the theory, these results indicate that the nanorod 
antenna have achieved a strongest energy confinement among the three commonly used 
geometric shapes, thanks to the excellent balance between the electric field enhancement and the 
volume where the electric field is enhanced. On the other hand, for nanorod antennas, 
broadening of the gap leads to an increase in perturbation area but a more rapid decay of the 
electric field enhancement, thus overall lowers the integral of the electric field energy and 
degrades the sensitivity. 
 
It is noteworthy that the electric field distribution is changed significantly by adding a monolayer 
graphene on the metallic antennas. In presence of graphene at the nanometric gap, the electric 
fields forms standing waves with a maximum enhancement at the center of the suspended 
graphene, whereas the electric field is only efficiently enhanced at the edges of the antennas for 




suspended graphene offers more binding sites for target molecules, hence can additionally 
improve the sensitivity of the sensor by increasing the light-matter interaction volume.  
 
Figure 4.18: Study of the effects of the gap size on the sensitivity. (a) SEM photos of rod 
antennas with g=30, 100, and 200 nm. (b) Comparison of the relative shifts obtained with 
different gap sizes. (c) Near-field simulation for g=100 and 200 nm. (d) Plots of |∆ωr/ωr0| and K 
at ∆n=108cm-2 for different antenna geometries.   
 
The monotonic increase of the sensitivity with the decrease of the gap length predicts that the 
sensitivity would continue to improve by bringing the neighboring antennas even closer to each 




lift-off process considering the high aspect ratio and the high density of the antennas (~50000 
antennas in a 400×400 µm2 area). We hence developed unconventional methods to fabricate the 
antenna array with g of 10 nm (Figure 4.19). First, a layer of Al2O3 was deposited on the SiO2 as 
protection layer using atomic layer deposition (ALD), on which Pt antennas with initial gap of 30 
nm were fabricated and additional 10 nm Pt was homogenously grown using ALD. Then 10 nm 
thick Pt was etched using inductively coupled plasma (ICP) to create the 10 nm gaps between 
adjacent antennas.  
 
Figure 4.19: Further improvement of sensitivity by shrinking the gap length. (a) Fabrication 
process of the 10 nm gap between neighboring antennas. (b) SEM photos of a pair of antennas at 
each step of fabrication. (c) Comparison of the sensitivities for g=30 and 10 nm. (d) Detection of 





On the 10 nm gap antennas, treatment of graphene with BAP generated a relative blue shift of 
4.77%, which was 64% larger than that on nanorods with 30 nm gaps. Exposure of the BAP 
activated metasurface to 2 mM glucose introduced a relative shift of 1.76%, which was also 
improved by 60% compared to g=30 nm. On the side of low concentration, 200 pM (36 pg/mL) 
glucose was detectable on the 10 nm gap metasurface, indicating that the detection limit of the 
sensor was further improved by approximately one order of magnitude. 
 
4.3.6 Enhancement of molecule vibrational fingerprints 
The IR spectroscopy can also probe the fingerprints of the target molecules for identification of 
the analytes. More importantly, the fingerprints of the small molecules, when close to the 
plasmonic resonance of the metasurface, can be enhanced by the plasmon-phonon interaction. 
Here, to avoid interference of SiO2 fingerprints, we mainly examined the enhancement effects 
for the glucose fingerprints128,129 located at 1300 - 1500 cm-1 (OCH deformation) which were 
typically less stronger than other bands such as the OH vibration near 3000 cm-1. First, 500 
picomolar glucose was applied on the device. On the substrate (SiO2/Pt), when the absorbance 
(∆R) of the OH band was as weak as 4.2%, other peaks of glucose was hardly recognizable 
(Figure 4.20).  
 
In contrast, given the similar intensity of the OH group, the spectrum measured on the 
metasurface unambiguously exhibited peaks at 1470 cm-1 and 1320 cm-1 corresponding to the 
OCH deformation of glucose molecules. This suggested that the plasmonic resonance 




resonance. Specifically, in our case, with the plasmonic resonance at ~1500 cm-1 and a 
bandwidth of ~250 cm-1, the fingerprints (e.g. C-O-H) lying between 1250 – 1750 cm-1 can 
achieve much higher enhancement than those at other frequencies, for example, the O-H band 
and other fingerprints of glucose. The enhancement effect was also observed on the peak at 1740 
cm-1 that is assigned to the C=O bond of the polymethyl methacrylate (PMMA)130 residue from 
the fabrication, while the other, weaker peaks of PMMA were not revealed. When the glucose 
was reduced to 50 picomolar, the OCH band at 1470 cm-1 was still acknowledgeable although 
there was no recognizable signal of OH band. These results demonstrated that the metasurface 
provided remarkable enhancement of the vibrational fingerprints, which can help identify 
analytes and exclude false signals in biochemical sensing, especially when the analyte quantity is 
limited.   
 
Figure 4.20: Enhancement of glucose fingerprints. Optical absorption (∆R) measured before and 
after drop-coating (a) 500 picomolar and (b) 50 picomolar glucose on the device.    
 
4.4 Chapter summary 
In summary, in this chapter we presented metasurface based mid-infrared plasmonic biosensors 




biomolecules such as protein, pure metallic metasurface was used. the plasmonic resonance of 
the metallic metasurface was designed to be ~1420 cm-1. Spectral signals of vibrational 
resonance of amide I and amide II were achieved on monolayer protein A/G. Binding of human 
IgG from 30 pM to 300 nM to protein A/G was quantitatively resolved via the red-shift of the 
plasmonic resonance, confirmed by the increase in the intensities of protein amide I and amide II 
bands.  
 
In detection of low-molecular-weight small molecules, graphene was loaded on the metallic 
metasurface to create a hybrid metasurface. The optical conductivity-based mediation of the 
plasmonic resonance enables ultrasensitive optical detection of small molecules on the graphene-
metallic hybrid metasurface. This method relieves the optical detection limit from the molecular 
mass and allows for differentiation of certain analytes without additional receptors. Being able to 
detect sub-nanometer molecules such as monosaccharides, the sensor could also be used to detect 
other low-molecular-weight analytes, such as gas molecules, that are difficult to detect using 
conventional methods. Moreover, the molecules vibrational fingerprints can be sensitively 
revealed for structural analysis and classification of the analytes. The robust, power source-free 
sensor therefore holds promise for applications that require both high sensitivity and long-term 
stability, such as monitoring of disease biomarkers and inspection of safety-related poisons and 





Graphene bottom local-gated molybdenum disulfide transistors 
 
In the third section of the Chapter 2, we presented a bottom local-gated graphene field effect 
biosensor, which provide multiple advantages over solution-gated sensors. Unfortunately, the tall 
sidewall of the metallic gate electrode is significantly higher than the 2D materials, therefore 
severely damages the material structure and affects the transport of electrons. It also increases 
the risk of gate leakage at the edges or the corners of the metal gate. Also, the zero band-gap of 
graphene fundamentally limits its sensitivity and hinders use of graphene in logic circuitry.  
 
5.1 Introduction to transition metal dichalcogenide 
Transition metal chalcogenide (TMDC), defined by its name, consists of transition metal and 
chalcogen atoms. These materials are typically formulated as MX2, in which M represents an 
transition metal element such as Ti, Zr, Hf, Nb, Ta, Mo, W and so forth, while X is an chalcogen 
element including S, Se and Te. The atomic structure of the TMDCs, like other 2D materials, is 
layered structure, typically with a layer of M atoms sandwiched by X atoms, i.e. X-M-X. The 
atomically thin layer of TMDCs have exhibited important and unique electrical and optical 
properties, including the semiconducting properties that is fundamental for developing logic 
electrical circuities but not available on graphene. The direct bandgaps of some of the monolayer 
TMDCs, also lead to photoluminescence which have triggered extensive studies131,132 and found 
many applications in optoelectronics and photonics133,134. Monolayer or few-layer TMDC 





5.1.1 Preparation of two-dimensional transition metal dichalcogenide 
Mechanical exfoliation can be used to isolate the thin layer TMDCs from its bulk material135. 
This method has allowed for obtainment of very clean and high-quality single-crystal flake of 2D 
materials but unfortunately is not scalable. Large quantities of thin layer TMDCs can also be 
generated using ultrasonication in appropriate solutions136-138.  The ultrasonication is equivalent 
to solution-phase exfoliation but apparently more efficient than mechanical cleavage using 
hands. But the layer number and flake quality and area are still out of control in this process. 
Upon exposure to solutions such organic solvents, the surface of the crystal would also degrade, 
possibly due to the non-covalent adsorption of organic molecules on the surface of the TMDCs.  
 
The CVD method, as described in Chapter 2, is in general more promising for creating large-
area, uniform high-quality thin-film materials including the atomically thin TMDCs. In a typical 
CVD synthesis of the 2D layers of TMDCs, for example the MoS2, the source of Mo (e.g. MoO2 
powder) and the source of S (e.g. sulfur powder) are brought to each other under high 
temperature. The layer number and crystal area are highly dependent on the amount of the 
precursors, temperature and other experimental conditions. The recently demonstrated metal-
oxide CVD (MOCVD) method has enabled growth of wafer-scale, spatially uniform monolayer 
MoS2 MoSe2, and WS2, representing important advances in preparation of the large-are 2D 
semiconducting materials139,140. The reported growth usually take place on insulating materials 
such SiO2, which is compatible with Si based micro- and nano-electronic fabrication. Due to the 
diffusion of the precursors into the insulating materials, the dielectric strength of the insulating 
layer may degrade and therefore fabrication of electronic devices using the 2D materials needs 




the 2D layers but consumes much time and materials. Thanks to the weak interaction between 
the TMDCs and the substrate, delamination transfer of these materials from the smooth substrate 
proves easier than delamination of graphene. Wafer-scale monolayer TMDCs have been 
successfully transferred without significant damage using thermal release tape (TRT)139,141. More 
interestingly, the water can easily diffuse into the interface of the TMDCs and the substrate, then 
lift the TMDC layers off the substrate142, thereby making the transfer more efficient.  
 
5.1.2 Electrical properties of transition metal dichalcogenide 
In pursuit of scaling of field effect transistors with high performance, it is vital to address 
increasing risks in undesired tunneling between electrodes as the critical feature sizes are 
reduced to few nanometers140,143-147. Emerging low-dimensional materials with intrinsic 
nanometric sizes have become promising candidates to replace silicon in typical transistors 
(FET) and to develop novel complex circuitry architectures. Two-dimensional (2D) materials 
such as graphene and transition metal dichalcogenides (TMDs) are especially attractive as they 
can be uniformly prepared with atomic-level thickness at wafer scale, readily transferrable and 
stackable. Also, high-efficiency electrostatic gating of the ultrathin and flat 2D materials can be 
realized from either top or bottom, in contrast to the multi-gate required on bulk (and some 1D) 
materials147. Excellent switching characteristics, such as high on-off ratio, low hysteresis and 
high mobility have been respectively demonstrated on TMDs transistors in individual works, 
although collective achievement of more of ideal device parameters, together with these listed 
above, would be required toward developing commercial devices but remains challenging. For 
example, it was found that surface treatment or thick dielectric layer is needed for scaled and 




disulfide) surface148, at expense of degradation of material properties or need of higher operation 
voltage. Also, due to their atomic thickness, TMDs monolayers exhibit higher resistivity and 
lower mobility than their multilayer counterparts149. Many high-performance devices with low 
subthreshold slope and high on-state current are demonstrated with exfoliated thick TMDs 
crystals instead of monolayers150-152. In general, control of layer number in large-scale 
preparation of 2D materials remains very difficult while growth of wafer-level high-quality 
monolayer MoS2 and graphene have been demonstrated
153. On the other side, atomically thin 
monolayer semiconductors would allow for ultimate scaling of the channel body, thus, it is 
important to explore methods that enable scalable high-performance transistors based on 
monolayer TMDs. Owing to their strong interactions with the substrate on which they are 
produced, TMDs monolayers are mostly handled at the level of individual exfoliated flakes154, 
not amenable to large-scale fabrication and integration with other components.  
 
5.2 Field effect transistors with graphene bottom local gate 
In this section we present bottom-local-gate MoS2 field effect transistors with monolayer 
graphene as the gate electrodes. The single-atomic-thick graphene shrinks the height of the gate 
electrode to physical limit and provides a smooth surface for growth of thin layer dielectric. The 
graphene gate significantly minimizes the gate leakage, thereby allowing use of ultrathin gate 
dielectric and high gate bias. Using a single graphene gate, high doping levels of MoS2 (above 
5×1013 cm-2) were achieved electrostatically without chemical treatment, leading to a low contact 
resistance of 2.3 kΩ∙µm between Ni and monolayer MoS2, as well as a nearly ideal subthreshold 
slope (SS) of 64 mV/decade at room temperature. Scaled devices with 50 nm and 14 nm short 




graphene gate makes the device highly transparent on flexible polymeric substrate, which can 
potentially be used in optical-related applications and wearable devices. Both the graphene and 
MoS2 were prepared using chemical vapor deposition (CVD).  This work utilized transfer 
techniques that allow reuse of both growth substrates, thus demonstrating a path to scalable 
fabrication.   
 
5.2.1 Device design and fabrication 
The devices utilized in this study consist of monolayer MoS2 channel, contacted by metal 
electrodes, atop a graphite back gate with a thin high-k dielectric layer (Figure 5.1). To fabricate 
the devices, graphene grown on Cu foil was first electrochemically delaminated onto a thermally 
oxidized silicon substrate. The graphene was patterned using oxygen plasma etching with 1.2 nm 
thick Ti as the etch mask, which later also served as the seed layer for HfO2 deposition
155. This 
avoided the use of hard-to-remove negative-tone resist and minimized damage to the graphene. 
Then HfO2 (thickness varied) was deposited using atomic layer deposition, followed by aligned 
wet-dry transfer of the CVD MoS2 monolayers. The average surface roughness of the channel 
region was approximately 4.1 Å, indicating an atomically flat surface. The Raman spectroscopy 
of the MoS2/HfO2/graphene stack displayed the E
1
2g and A1g bands separated by 19 cm
-1, as well 
as the G and 2D bands, which were characteristics of MoS2 and graphene monolayers, 
respectively. The strong and spatially uniform signals of MoS2 A1g band and graphene G band in 
Raman mapping verified the undamaged MoS2 flakes and the bottom graphene gates. The use of 
graphene as a back gate provided a major improvement in the quality of the dielectric layer. 
Figure 5.1 shows the measured leakage current through the graphene gate with 1.2 nm TiO2 and 





Figure 5.1: Device structure and characterization. (a) Schematic of the graphene bottom local-
gate MoS2 field effect transistor. (b) Microscopy photo of the MoS2 dry-transferred onto the 
graphene/HfO2. Inset: Raman mapping of the MoS2 A1g band (green) and the graphene 2D band 
(red). (c) Raman spectroscopy of the MoS2 and graphene. (d) Optical micrograph of the 
fabricated devices with graphene gate (upper) and metal gate (lower). Scale bars: 1 µm. (e) 
Measurement of the gate leak current through the dielectric layer of different thickness, on 
graphene gate electrodes. (f) Breakdown field and voltage for the graphene gated devices as a 





For the graphene gate, the leakage remained below 10 pA before breakdown of the dielectric at a 
high voltage of 10 V, or a breakdown field of approximately 0.55 V/nm. Further decreasing the 
HfO2 thickness (tHf) did not severely increase the gate leak. The breakdown field showed an 
increase with the decrease of the dielectric thickness. When only 25 cycles of HfO2 was 
deposited, the breakdown field was increased to 1 V/nm. Such high field is critical to achieve 
high doping level but is in general very difficult to achieve, as oxide deposited on metal 
electrodes normally breaks down at displacement fields around 0.5 V/nm156. We speculate that 
the improved performance arises from the the flatness and low profile of the graphene, which 
provides for a uniform dielectric thickness and eliminates field concentration at edges and sharp 
points found in thicker metal electrodes. 
 
For position-specific transfer of CVD MoS2, a wet-dry transfer method was developed (Figure 
5.2). The monolayer MoS2 flakes were firstly was delaminated from the growth substrate onto a 
polymer supporting layer (cellulose acetate butyrate, CAB) with assistance of water penetration, 
and then scooped using a glass slide. The atmospheric pressure allowed the MoS2/CAB stack to 
be inverted and smoothly transferred onto the optically transparent elastomeric stamp on a 
foreign glass slide, made of poly-propylene carbonate and polydimethylsiloxane (PPC/PDMS). 
After attaching the MoS2 flakes on the stamp, we performed further cleaning of MoS2 using 
ultrapure water and gently blow dried the MoS2 to remove impurities in water, which was 
important to attain clean MoS2/oxide interface in the following but nontrivial in conventional 
transfer methods. The MoS2 was then aligned with the graphene ribbon gates, and the 
PPC/CAB/MoS2 was released from the stamp under heating. This transfer method provided 
notable improvement in handling CVD MoS2 monolayers compared to direct pickup using 





Figure 5.2: Fabrication process of the device. (a) Patterning of the graphene ribbon. (b) Gate 
voltage dependent conductivity of the patterned graphene ribbon. (c) Aligned transfer of the 
CVD monolayer MoS2. 
 
5.2.2 Electrical characterization 
Figure 5.3 examines the performance of long-channel (1.5 µm) devices made with a relatively 
thick HfO2 layer (tHf=16 nm) to demonstrate the device functionality and study the contact 
resistance (RC). First, resembling conventional MOSFET configurations, the graphene gate was 
designed to only gate the channel region (partially gated). Upon sweeping the graphene gate 
voltage (VGG) the device turned on with a subthreshold slope (SS) of 120 mV/decade. The 




performance can be attributed to large RC as well as large lateral access resistance (RU) of the 
ungated MoS2. Local chemical doping or phase transformation have been employed reduce RC 
and RU, but generally suffer from low stability. Alternatively, dual-gate operation, in which the 
contact areas are gated independently of the channel, can also reduce the contact resistance 
without the need of chemical treatment However, it gives rise to more negative threshold 
voltages and complicates device fabrication and operation. Importantly, both chemical treatment 
and dual-gating make device scaling more challenging and difficult157. 
 
 
Figure 5.3: Comparison of device geometries and extraction of contact resistance. (a) 
Schematics and transport characteristics of the partially gated and fully gated devices. The 
channel lengths of both devices were 1.5 µm. THf = 16 nm. (b) Extraction of RC using 
transmission line method for the graphene gated device. Four channels with various channel 
lengths (0.4, 0.6, 0.8 and 1 µm) were fabricated on a same MoS2 flake. Inset: Gate voltage 
dependence of RC. Error bars represent the standard error of the linear fitting. 
 
Alternatively, dynamically modulating both the contact resistance RC and the channel resistance 




Figure 5.3, when the graphene gate was extended to gate both the MoS2 channel and the contact 
region, the device turned on more quickly, with a subthreshold slope of 72 mV/decade. In 
addition, the on-state conductance exceeded 10 µS/µm, giving an on/off ratio of 107 at low low 
gate voltage of VGG = 2 V, with threshold voltage (VTh) of 0.4 V. Using the transmission line 
method we extracted RC for this device, which reached values as low as 2.3 kΩ∙µm at gate 
voltage 8.8 V above VTh, corresponding to a doping level of 5×10
13 cm-2. This high carrier 
density would be needed to meet the requirements of the International Technology Roadmap for 
Semiconductors (ITRS)158 but have been scarcely demonstrated on intrinsic monolayer MoS2.  
 
Based on these results, in the following sections we examine the performance of devices with the 
graphene gate extending under the contact region.  First, shrinking the channel length for devices 
with THf = 10 nm results in a commensurate increase in output current (IDS) to above 70 µA/µm 
for a 600 nm channel (Figure 5.4) and above 100 µA/µm for a 400 nm channel, at a source-drain 
voltage (VDS) of 1 V. Both the output curves (IDS-VDS) and the transport characteristics (IDS-VGG) 
showed saturation stages of IDS at VGG of 6 V. At higher bias, the current increased more rapidly, 
possibly due to band-to-band tunneling. The field effect carrier mobilities µFE (without exclusion 
of RC) ranged from 10.4 to 20 cm
2V-1s-1, comparable to the best results so far reported on 






Figure 5.4: Electrical characterization of device performance. (a) – (c) Characterization of 
devices with THf = 16 nm. (a) Output curves (IDS as a function of VDS at different VGG) for a 600 
nm long channel. VGG increased from 0 to 9.5 V in 0.5 V steps, and then to 9.8 V. (b) Transport 
characteristics of a 400 nm channel. Inset: Transconductance gm as a function of VGG. (c) Field 
effect carrier mobilities (without exclusion of the contact resistance) at different channel length. 
(d) – (e) Transport characteristics of a device with THf = 8 nm and LCh = 1.5 µm. (d) IDS plotted 
in logarithmic scale, showing a SS of 64 mV/decade. Inset: zoom-in of the subthreshold regime; 
and (e) IDS plotted in linear scale with VDS increased up to 1 V and VGG up to 1.7 V, which led to 





Figures 5.4d and 5.4e show the performance of a device with Lch=1.5 µm, with the HfO2 
thickness reduced to 8 nm.  The device exhibited a SS of 64 mV/decade over 3 orders of 
magnitude in IDS, approaching the thermodynamic limit for field effect transistors at room 
temperature. Also, hysteresis was almost unrecognizable, allowing the device to be turned on and 
off at low gate voltages with a high on/off ratio of 1.8×108. This low hysteresis indicates a lack 
of trapped charges in the dielectric stack, reflecting the lack of dangling bonds in graphene, clean 
transfer of MoS2, and high-quality HfO2 growth. 
 
5.2.3 Short-channel transistors 
Finally, we examine more deeply scaled devices. In such devices, use of an ultrathin dielectric 
layer is critical to mitigate short channel effects such as the decrease in on/off ratio and increase 
in SS. In general, the length of the channel that can be effectively controlled by the gate should 
be 5 to 10 times the natural length scale (λ)160, as a function of the dielectric constant and 
thickness of the gate dielectric layer. Here, we used 2.5 nm HfO2 with 1.2 nm TiO2 as the gate 
dielectric for fabrication of short-channel devices. Due to the high dielectric constant, λ for our 
device was approximately 0.9 nm, which should be suitable for devices with channels as short as 
~10 nm. We fabricated 50 nm and 14 nm channels using e-beam lithography and lift-off 
methods. The gate leakage through the 3.7 nm oxide was on the level of 10 pA, which should 
still allow for effective gate modulation of the channel. The 50 nm device exhibited SS of 73 
mV/decade, on-current exceeding 240 µA/µm and an on/off ratio of 3.5×107 (Figure 5.5) at VDS 
of 1.6 V. The total source-drain resistance was 6.7 kΩ∙µm, close to the value of 2RC (4.6 kΩ∙µm) 
presented in Figure 2b. There was no appreciable saturation stage through the transport 




of IDS. The 14 nm device showed slight short-channel effects, yet still reasonable SS of 86.5 
mV/decade and on/off ratio of 3.3×106. For both channel lengths, the on/off ratio decreased with 
VDS but remained higher than 10
5, demonstrating effective immunity to short-channel effects 
while the source and drain electrodes started to affect the channel conductance.  
 
Figure 5.5: Characterization of short-channel devices. SEM photo and transport characteristics 
of a 50 nm channel (a-b) and a 14 nm channel (c-d). THf = 2.5 nm. The SS was 73 mV/decade for 




VDS. The on/off ratio decreased with VDS for both channels, reflecting that the source and drain 
electrodes started to control the channel conductance. 
 
Overall, the results obtained with various TOx and LCh represent to date the best performance of 
intrinsic monolayer MoS2-based FET with standard device configuration, including direct metal 
contact, single-gate operation and solid dielectric. To satisfy the requirement of high-
performance device, it is necessary to continue to lower the contact resistance and enhance the 
electrostatics161, which can be achieved by further device optimization such as passivation of the 
channel using boron nitride or use of 2D semiconductors with higher carrier mobilities, once 
large-scale synthesis of these materials is readily accessible. 
 
5.2.4 Device performance on flexible substrate 
The graphene gate also made the channel region fully transparent as desired in optical-related 
applications. The device can be fabricated on the transparent and flexible polymeric substrate 
thanks to the low temperature (200 °C) needed in the entire fabrication process. We preliminarily 
examined the performance of the device fabricated on polyethylene naphthalate (PEN) film. 
With 10 nm thick oxide layer sandwiched between the monolayer graphene and MoS2, the entire 
channel region was transparent under normal light conditions (Figure 5.6). Despite the increased 
gate leak, the thin film transistor exhibited excellent switching characteristics including a low SS 
of 75.5 mV/decade and an on/off ratio of 4.8×107. The increase in the gate leak was attributable 
to the large roughness of the PEN and the strain built within the solid dielectric layer during 




would be needed toward fully flexible and stretchable devices in the future, for example by 
reducing the surface roughness162 or using more flexible dielectric materials163.  
 
Figure 5.6: Characterization of the device fabricated on flexible PEN substrate. (a) Upper: 
Optical micrograph of the MoS2 transferred on graphene gate. Lower left: High contrast 
micrograph for visualization of the MoS2 flake and graphene gate. Lower right: Photograph of a 
fabricated device. (b) Transport characteristics of the device on flexible substrate. 
 
5.3 Chapter summary 
In this chapter, we presented monolayer MoS2 transistors with single-atom thick graphene 
bottom local gate, of which the ultra-flat surface enabled use of ultra-thin gate dielectric. The 
decrease in the thickness of the gate dielectric improved the gate electrostatic control of the 
monolayer MoS2 channel. An excellent subthreshold slope of 64 mV/decade was achieved. In 
addition, the gate leakage was also considerably suppressed compared to that on the metal gate, 
which in turn allowed us to more heavily dope the MoS2 channel and lower the contact resistance 
between metal contact and MoS2 monolayers. As such, both the extrinsic and intrinsic carrier 
mobility was increased, with a peak value of the extracted intrinsic mobility of ~20 cm2V-1s-1. 




bottom local-gate configuration. The on/off ration and the subthreshold slope did not show 
severe degradation, which serve strong evidence that the monolayer semiconductors would be 
ideal for use in developing extremely scaled electronic circuits. Finally, we characterized the 
device performance on flexible PEN substrate. Despite the larger surface roughness of the PEN 
than the polished SiO2, the device still exhibited high transparency, low SS and high on/off ratio. 
Therefore, the graphene bottom local-gate have significantly improved the device performance 
over the metal gate as introduced in Chapter 3. 
 
This design can be applied in various applications such as electronic circuits, display backplanes, 
biological sensors. Future study of the performance limit of the 2D semiconductors based 
devices includes further reducing the contact resistance by pretreatment of the materials, and 






Conclusions and perspectives 
 
6.1 Summary of contributions 
Two-dimensional materials have become strong candidates for development of next-generation 
electronic devices. Their high sensitivity, optical transparency and mechanical flexibility are 
particularly attractive for biochemical sensing applications. The biosensors based on 2D 
materials, such as graphene, have been demonstrated in detection of various biomarkers such as 
protein and DNA, with high sensitivity and fast response. While the sensing principle for 
detection of these electrically charged, large molecules have been well studied, it remains 
challenging to quantitatively measure low-molecular-weight and charge-neutral analytes such as 
gas molecules as well as some organic chemicals.  
 
This dissertation presents a study on the detection of small molecules using graphene field effect 
transistors, including an investigation of the sensing principles and improvement of the sensor 
design. Chapter 2 discusses the progress made toward time- and cost-efficient preparation of 
large-are graphene, which allows us to develop scalable graphene-based devices. Chapter 3 
presents affinity binding-based glucose sensing on graphene FET sensors, study of the 
underlying physiochemical mechanism, as well as real-time monitoring of disease-related protein 
biomarkers on rigid and flexible substrates. Also, bottom local-gate graphene field effect 
biosensors are developed, which was more compact, integrable and stable than the solution-gated 




graphene-metallic metasurface. Using the pure metallic metasurface we realized single 
measurement-based quantification and identification of protein molecules. By loading monolayer 
graphene on the metallic metasurface, we created a hybrid metasurface for ultrasensitive 
detection of small molecules. The metasurface based mid-IR biosensors addressed critical issues 
with existing optical biosensors such as insufficient sensitivities, and therefore hold promise in 
both fundamental studies and practical applications. Chapter 5 presents high-performance field 
effect transistors based on 2D semiconductors, i.e. MoS2. Using monolayer graphene as the 
bottom local gate, we demonstrated high dielectric strength of the ultrathin gate dielectric as well 
as low contact resistance between metal and monolayer CVD MoS2, which in turn allowed us to 
achieve nearly ideal switching characteristics as well as high-performance short-channel 
transistors. 
 
6.2 Future work 
The study and results presented in the thesis have demonstrated the unique and important 
functionalities of 2D materials in electronic and optoelectronic sensors. To ultimately achieve 
practical applications of such 2D material-based devices, more efficient methods for reliable 
preparation of high-quality 2D materials over very large areas must be developed. In particular, 
while the current CVD method and transfer process have enabled preparation of continuous 
graphene at the wafer scale for research purposes, further studies will be needed to realize defect-
free and residue-free transfer of the wafer-scale single-crystal graphene on different substrates. 
The long-term stability of the 2D material-based devices also needs to be more systematically 
studied and improved. The highly sensitive biosensors based on the 2D materials now face 




For example, passivation of graphene using appropriate coating nanolayers could improve the 
specificity and sensitivity of the sensors to target analytes.  
 
In addition, to achieve deeply scaled devices, it would be required to not only fabricate very 
short channels, but also to ensure the efficient gate electrostatic control, low contact resistance 
and low subthreshold sweep with the short channels. Therefore, it is also important to accurately 
control the carrier density and maintain high carrier mobility of the 2D materials.  Some of the 
current silicon-based methods, such as ion injection or chemical doping, may not be directly 
applicable to 2D materials. Controllable and nondestructive surface treatment, or heterostructures 
can possibly be used to further minimize the contact resistance between the 2D materials with 
the metal contacts. Other physical processes, such as annealing, can also be employed to improve 
the device performance.  
 
Overall, to realize commercialization of the products based on 2D materials, the future studies 
should be focused on lowering the costs of wafer-scale single crystals and precise control of the 
material properties, together with enhancing the device performance. Rigorous international 
standards and quality control also need to be implemented to ensure device stability and device-
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